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Influence of a Ridge on the Low-Frequency 
Ground Wave iBhysics Library 


James R. Wait and Anabeth Murphy 


The problem of a plane wave incident on a semielliptical boss on an otherwise perfectly 
conducting flat ground plane is considered. <A solution in terms of elliptic wave functions is 
obtained. Numerical values of the field on the near and far side of this idealized ridge are 
given for a base width of about two-thirds of a wavelength and various ellipticity ratios. 


It is now relatively straight forward to make predictions of ground wave propagation on a 
smooth, homogeneous, spherical earth.''? Some progress has also been made recently in de- 
vising techniques to calculate the fields over an inhomogeneous and nonsmooth earth. For 
example, at high frequencies, the effect of mountains or ridges obstructing the transmission 
path can be treated by methods of physical optics.2 Another approach, disclosed very re- 
cently, simulates the obstacle by four spherical surfaces.‘ The transmission loss over each 
segment is then added, being an approximation valid at very high frequencies in most cases. 

At Jow frequencies (less than 1 Me) obstacles such as ridges are, no longer, large compared 
to the wavelength, and it is necessary to use a different approach. A suggested model to study 
the effect of a nonsmooth ground for low frequencies is a semielliptical boss on an otherwise 
flat ground plane. Assuming that the source of vertically polarized waves is at a distance from 
the elliptic cylinder, large compared to the wavelength, it is sufficient to consider the incident 
wave to be plane. Furthermore, at low frequencies the attenuation of the incident wave is 
negligible for a distance of several wavelengths on either side of the ridge. For this reason, the 
ground plane and the surface of the ridge is considered to be perfectly conducting. 

The semielliptical perfectly conducting boss is shown in figure 1. With reference to a carte- 
sian coordinate system (x, y, 2) the ground plane is y=0 and the surface of the boss is 2?/6?+- 
y?/a?=1, where b and a are the semimajor and semiminor axes of the ellipse, respectively. 
Elliptic-cylinder coordinates (u, v, z), which are confocal with the elliptical boss, are connected 
to the cartesian coordinates by 


c cosh “uCcOos ~ 


y=c sinh u sin v (1) 


where ¢c, the semifocal distance, is given by 
c= (b?—a?)”? 
The magnetic field of the incident wave has only a z component and is given by 
| he Hoe ‘pr 


where //, is the amplitude and B=2z/wavelength. Employing an addition theorem,* this can 
be rewritten in terms of a particular solution of the wave equation in elliptic-cylinder coordi- 
nates as follows: 
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FIGuRI l. Semielliptical boss 


where Se,, is the even angular Mathieu function, Je,, is the even radial Mathieu function of 
the first type, and N;% is the normalization constant for Mathieu functions of order m. 

The secondary or seattered field, /7*%, is now chosen to satisfy the boundary condition that 
the normal derivative of the total field is zero at w=, the surface of the elliptic cylinder, and 
at ye=0 and z, the surface of the ground plane. Furthermore, the secondary field must contain 
the radial Mathieu function J7e,? of the fourth type to comply with the radiation condition at 


infinity. It then follows that 
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The Mathieu functions are not tabulated directly but must be calculated from series expansions 


whose coefficients are available in tabular form.® In the present notation 
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where 7 is an integer, Pp OQor l, Js Is the Bessel function of the first t\ pe or order yy rp, and 
De, are coefficients that are functions of 2r+pande. An expansion for He,? is obtained by 
replacing J.,.,, on the right-hand side by the Hankel function //;2,, of the second type. As it 


turns out, however, this latter expansion is very poorly convergent for the present problem, 


and it is better to utilize the relation 
Fle? (u. Je, (u.vy—iNe,, (Uv 


along with the expansion for the radial Mathieu of the third type, given by (see footnote 6 
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where a=ce"“/2 and B=ce~“/2. The functions J; and )Y; are Bessel functions of the first and 
second kind, respectively, of order k. The corresponding expansions for the derivatives of the 
¢ Tables relating to Mathieu functions (Columbia t ty Press, New York, N. Y., 19% 
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radial function are obtained in a straightforward way by differentiating with respect to u and 
then making use of various recurrence relations for Bessel functions. Therefore, 
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where the argument of the Bessel functions is ¢ cosh u;. Correspondingly, 
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where the prime over the Bessel functions indicates a derivative with respect to its argument. 
Using the above formulas, the amplitude and phase of the field is computed for several 
cases The results are normalized so that 


Ae’*=(H"*+H**)/Ho, 


where A and ® are the amplitude and phase of the total field relative to the incident field at 
r=. 

In figure 2 the functions A and ® are shown plotted along the ground plane in front of 
the ridge at P (i. e., 2>6, y=0), above the obstacle at Q (i. e., c=0, y>a), and to the rear 


of the obstacle at R (1. e., 2: b, y=0). In each case, the quantity d indicates the distance 
measured from the elliptical surface to the points P, Q, and R, as illustrated in figure 1. The 
curves in figure 2 refer to the case where 8b=8a=2, so the elliptical boss has degenerated to a 
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circular boss whose height is 1/# wavelengths. The broken curves in both figures 2,A, and 
2.B, correspond to the trivial situation where the boss is absent. 

It is interesting to note in figure 2 that behind the obstacle, the amplitude of the field is 
reduced in amplitude by about 30 percent and gradually approaches the unobstructed value 
as the observer proceeds away from obstacle. The obstacle imparts an additional phase lag 
of the order of 60° directly behind the obstacle and this value diminishes to about 15° at two 
wavelengths behind. 

In front of the obstacle, the amplitude and phase of the field oscillates about the unob- 
structed value as the observer proceeds toward the source as a result of the interaction of the 
incoming plane wave with the reflected wave. At a distance greater than a wavelength or 
so, the amplitude varies in the manner of a damped sinusoid with a period of one-half wave- 
length and a magnitude varying inversely as the square root of the distance. In the proximity 
of the obstacle, the structure of the field is quite complex and no simple physical interpretation 
seems possible. It is interesting to note, however, just in front of the obstacle (i. e., z=6b, y=0) 
the value of the field is almost twice the value of the incident field. This would be expected 
on the basis of geometrical optics, which predicts a value of exactly two. 

Directly above the obstacle, the field oscillates about the unobstructed value with a 
period approximately equal to a wavelength. The amplitude of the oscillations decreases 
approximately as the inverse square root of the distance. 

To illustrate the effect of changing the cross-sectional shape from circular to elliptical, 
values of A and ® are plotted as of function d both in front (fig. 3) and in the rear (fig. 4) of 
the elliptical boss. Various values of the ellipticity a/b are shown. Of course, when a/b 
approaches zero the field values approach the unobstructed values. It is interesting to note 
that the qualitative features of the curves are similar, although there is a strong dependence 
of the amplitude and the phase on the ellipticity ratio. In all the calculations, the width of 
the base of the boss (i. e., 26) has been fixed such that 8b=2 or 26 is (2/7) of a wavelength. 

The extension of these results to oblique incidence is simple. For example, if the angle 
of the wave front makes an angle @ with the axis of the elliptical boss, the preceding results 
are applicable if 8 is replaced by B sin @. 


Bovu_pER, Coxo., August 23, 1956, 
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Phase-Diagram Study of Alloys in the Iron-Chromium- 


Molybdenum-Nickel System 
C. J. Bechtoldt and H. C. Vacher 


(Alloys in the iron-chromium-molybdenum-nickel system were examined after quenching 
from 2,200°, 2,000°, 1,800°, 1,650°, and 1,500° F. Compositional limits of stability of seven 
phases were summarized in diagrams. Fe.Mo was found to be a stable phase; and a ternary 
phase, not previously reported, was identified to have the approximate composition of 4 
percent of chromium, 53 percent of iron, and 43 percent of molybdenum. 


l. Introduction metals. Seventy-percent-iron alloys, made _ from 

chromium, iron, molybdenum, and nickel powders, 

A study was made recently at the Bureau [1,2]! | whose source and purity are shown in table 1, were 
of the microstructures in austenitic stainless steels | sintered at 2,500° F, cooled slowly to room tempera- 
containing approximately 3.5 percent of molybde- | ture, reheated to 2,200°, 2,000°, 1,800°, 1,650°, and 
num. This study showed that the microconstituents | 1,500° F, and then quenched to room temperature. 
sigma (o), chi (x), and carbides could be separated | A large range of compositions was covered (fig. 1) 
from the alpha iron (@ Fe) and gamma iron (y Fe) 
phases by dissolution and then identified by X-ray 
diffraction. The study also revealed a dearth of 


TARLE 1. Manufacturer and chemical analyses of metal powders 











































































































ig : : : . Metal powder Manufacturer Chemical analysis 
information in phase diagrams that would define the 
ranges of composition and temperature of stability ' 

of gand x in quaternary alloys of the iron-chromium- Molybdenum... Johnson, Mathey & Co. 99.9 minimum, 

; : . . ° Do Charles Hardy, Ine 99.9 minimum. 
molybdenum-nickel system \ccordingly, an mVves- Nickel International Nickel  ® Spectrographic method: 0.01 
tiontt F arte . . . ] .. Co., ourtesy of Al, 0.001 Co, 0.001 Cu, 0.1 
ligation was started with the purpose of supplying Francis B Foley Fe. 0.001 Mg, 0.001 Mn, 
information of this kind 0.001 Pb, 0.01 Si. 

re : ‘ : , ° Do Metal Disintegrating *® Spectrographic method: 0.1 

The SIX binary Ssvstems involy ne chromium, ron, Co Al, 0.001 Ca, 0.01 Cr, 0.1 
molybdenum, and nickel have been studied exten- SS Se 
sively, and apparently reliable phase diagrams are 0.12 Co, 0.09 Fe, 0.06 Si 

7 , : . . Chromium Electro Metallurgical Chemical methods: 0.01 C, 
available over aw ide range ol temperature. How- Co., courtesy of 0.03 Fe, 0.01 Cu, 0.01 Pb, 
ever, the information on the four ternary systems Russell Franks — H, 
was sufliciently complete to permit construction of Iron General Aniline 4 | Carbonyl tron: 99.6 to 98.9. 

" . ° ilm rT) 
diagrams only at 2,200° F. Obviously a comprehen- 
sive Investigation of the entire quaternary system Values are Maximum limits. Analyses of nickel were made at the Bureau; 
would require an immense amount of work. It was the others were given by the manufacturers 
decided, consequently, that attention would be 30CR 
focused on iron-chromium-molybdenum-nickel alloys 
containing 70 percent of iron. The work then would 
1 q . . . . . 35 >— 27 
be of interest in the field of heat-resisting allovs and L ] 
at the same time furnish data to check contemporary / 

" . . . t 24 
isothermal phase diagrams of the chromium-iron- 
molybdenum, chromium-iron-nickel, iron-molybde- ee / 
: ‘ : 9 
hum-nickel, and iron-molybdenum systems. KZA . 
a SAM : 
° 12 18 
2. Experimental Procedures Ae |e | jr 
Vf INI ° 
° ° AD) | | N 
2.1. Plan of Investigation ‘aT Nos 
; 

, —_— : ss e iy \y y N Hh \ 

| oe the stivation 70.nercent<ir Aad) | Ni } 

aAmiting = the investigation to ¢U-percent-iron 18 HNN! | | \ \ 19 
alloys made it possible to investigate the alloys at : tt iN ap) Nh 

a . . . . . N 
several temperatures, thus making it easier to com- | 21 e sS N | ! yr o> 9 

. . . . ry N 

pare the results with previous investigations. The ene : ; Y | i 4 

‘ ; 7 : 
aFe and y Fe phases have wide solubility ranges at onl MESES ! we 1 i ’ P 
2,500° F, and the reactions that result in the forma- sen WY ii INUWIIN 
ti foand x are lerately fast at te ‘ratures F x2 38 SES > Sil NMTINEH &/ ° 
ion of o and x are moderately fast at temperatures 2 1g t tH Ht Hil Ly , - 
above 1,500° F Thus equilibrium could be attained goce reser e|/!6 ||| | i HINA \ 
Ina res able time, and the reactants could be lg XA IIMIINE ALLINY t \ 

a reasonable time, anc 1 reactants could be LEEEBEL Al ig! iy! {| ull mi," \ 

30 Mo” § 6 Vea 2? SONI 


quenched. The wide solubility ranges facilitated | 

: , i ee a 
the preparation of the alloys from the powde red Figure 1. Compositions of alloys investigated containing 70 
a percent of tron and areas in which hard phases were found 


Figures in brackets indicate the literature references’at'the end of this"paper. after sintering treatment at 2,500° F and furnace cooling. 








so that the boundaries of phase stability could be 
bracketed by determining the identity of the phases 
present in the alloy. To do this, microscopic exami- 
nation of etched surfaces was used reveal how 
many phases were present, and a qualitative analysis 
of separated residues by X-ray diffraction was made 
to indicate what phases were present. 


to 


2.2. Preparation of Alloys 


Thirty-gram mixtures of the powdered metals 
were made to predetermined compositions. The 
mixing was done in a machine similar in design to 
that used for mixing amalgams in dental laboratories. 
The mixing jar was fastened to an arm attached to a 
bearing whose shaft was both off-center and slanted 
relative to the 1,750-rpm motor on which it was 
mounted, as shown in figure 2. The opposite end of 
the arm was held by a spring. After mixing the 
charge, 2-g¢ pellets, in. in diameter, and %» in. 
thick, were made by using 60,000-lb/in.* pressure in 
the compacting operation. 

The chromium content was determined by chemi- 
cal analysis in several pellets of a number of alloys in 
order to check the uniformity of mixing. Comparison 
of chromium content in duplicate pellets of the same 
alloys (table 2) indicated that good dispersion was 
obtained. 
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The pellets were compacted and then sintered in 
dry hydrogen according to the following treatments: 

240 hr at 2,500° F, then cooled in furnace; 1 hr 
elapsed between 2,500° and 1,500° F. 

240 hr at 2,500° F, then cooled in furnace to room 
temperature at uniform rate in 30 hr; 12 hr elapsed 
between 2,500° and 1,500° F. 

240 hr at 2,500° F, then cooled in furnace to 1,600 
F; 1 hr elapsed between 2,500° and 1,600° F. The 
pellets were removed and allowed to cool to room 
temperature. 

The condition of the alloys after sintering is re- 
ferred to as “‘slow-cooled sintered.’’ The variations 
in sintering treatments resulted from attempts 
keep the furnace tube from cracking during the cool- 
ing operation. The long soaking period in dry hydro- 
gen Was a purification as well as a sintering treatment. 
The large initial oxygen content of the metal powders 
was beneficial because it made possible the oxidation 
and subsequent removal of the carbon contents of 
the powders. 

Chemical analyses of randomly selected pellets 
were made to determine changes in composition of 
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Virer and miiri for sJ-gram charges 


FIGURE 2 


ng jal 


the alloys brought about by the sintering operation 
These analyses showed that the average 
chromium because of volatilization was 3.8 percent 
of the initial content. The chemical analysis for 
nickel and molybdenum was in good agreement with 
the charge analysis. Carbon contents were less than 
0.01 percent. No were observed in the 
microstructures or detected in residues, as shown by 
diffractometer charts. The oxygen contents of five 
samples were from 0.001 percent of oxygen for low 
chromium contents to 0.007 percent for high chro- 
mium contents. The nitrogen contents varied from 
0.0025 to 0.0030 percent. 

The losses indicated by these results were not 
considered sufficient to warrant correction of th 
charge analysis. 


loss in 


carbides 


2.3. Approach to Thermal Equilibrium 


seven phases were encountered in studying the 
iron-chromium-molybdenum-nickel alloys and_ thei 
derivative alloys. They were a Fe, 1 Fe, o, x 
epsilon (e), eta (yn), and rho (p) phases. The a Ke 
and y Fe are terminal solution phases, and ar 
referred to as soft phases to distinguish them from 
the intermediate o, e€, . -* and p phases, which are 
hard and brittle. The ¢ phase has the composition 
Fe;Moz in the iron-molybdenum system. The com- 
positions of the 7 and p phases were determined in 
this investigation, and their structures are discussed 
in section 3. The terminal molybdenum solid-solu- 
tion phase was redesignated alpha-molybdenum (a 
Mo) in the contemporary diagram for the iron- 


molybdenum system [3] in order to indicate its strue- | 


tural relationship to @ Fe, with which it forms a 
continuous solid-solution field in the iron-chromium- 
molybdenum-nickel system. Equilibrium could b 
approached either by precipitation of the hard phases 
or by re-solution. 

Initially it was planned to approach equilibrium 
only by re-solution of the hard phases; that is, by 
reheating the slow-cooled sintered alloys in dry hy- 
drogen to 2.200°, 2.000°, 1,800 1.650°, and 1,500° 


a 


Ff 
and 
allo 
und 
erat 
pore 
rele 
rele 
lowe 
stru 
and 
dist 
run 
Gib: 
In & 
al ql 
mat 
case 
at t 
hare 
was 
was 
shac 
whic 
sinte 
the 
iron 
high 
poss 
the | 
It 
more 
alloy 
Ing | 
atta! 
heat 
quer 
tion 





ition 
S il 
reent 
s for 
with 
than 
+ the 
n by 
five 
j low 
chro- 
from 


hot 
th 


‘ the 
their 
‘, 2 
a Fe 
| are 
from 
n are 
sition 
com- 
od In 
issed 
solu- 
Im (a 
iron- 
truc- 
ms a 
ium- 


db 


1Lases 


rium 
3, by 
y hy- 
500° 


———— 


Ag 
PIN HES, 
bf iri J 


ae 
4 





70 
? hours and quenching in waler. 


; - 
oF alloy 


Microstructure 
900° F 


FIGURE 3. 
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Concentrated hydrochloric acid containing 
by 15 seconds in cold alkaline ferricyani 
jark) surrounded by p (white) in matrix 
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F for 25, 75, 250, 500, and 1,000 hr. respectively, 
and then quenching in water. Before reheating the 
alloys, those that were not brittle were compressed 
under 150,000- to 200,000-lb/in. pressure. This op- 


eration, by causing plastic deformation, reduced 
porosity and accelerated the reactions during the 


In the course of examining the 
reheated alloys, particularly those reheated at the 
lower temperatures, it was found that the micro- 
structure of the hard phases had changed very little; 
and that, in a few alloys, the number of phases 
distinguished was more than could coexist if equilib- 
rium had been established. Normally, according to 
Gibbs phase rule, the maximum number of phases 
in equilibrium at a temperature and pressure is 4 in 
a quaternary system, except when a phase transfor- 
mation occurs; then there may be 5 or in the unique 
case 6. The foregoing observations indicated that, 
at the reheating temperatures, diffusion within the 
hard phases or from the hard phases to the matrix 
was slow; consequently, the approach to equilibrium 
was slow if several hard phases were involved. The 
shaded areas in figure 1 show the compositions in 
which the hard phases were found in the slow-cooled 
sintered alloys. The establishment of equilibrium in 
the alloys having compositions near the chromium- 
iron-molybdenum ternary system, particularly at 
high molybdenum contents, was doubtful, and the 
possibility of attaining equilibrium was even less at 
the lower temperature. 

It was found that equilibrium could be approached 
more readily if the questionable slow-cooled sintered 
alloys were given a solution treatment prior to reheat- 
ing to temperatures at which equilibrium was to be 
attained. The solution treatment consisted in re- 
heating to 2,500° F, holding for 2 hr, and then 
quenching in water. In the solution-treated condi- 

alloys consisted of either or both the a Fe 


reheating periods. 
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Fe-2 Cr-28 Mo after 
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and y Fe phases, except those alloys whose composi- 
tions were near the 30-percent-molybdenum corner 
of the diagram (fig. 1). These alloys contained traces 
of primary e, p, or a fine acicular structure (fig. 3), 
which later was found to be p precipitated in a matrix 
of a Fe. The results as a whole indicated that the 
proximity of equilibrium was greater in a shorter 
period by precipitation from the soft phases than by 
reactions involving the hard phases. For the heating 
periods used in this work, it was only at 2,200° F 
that both the slow-cooled sintered and the solution- 
treated specimens gave consistent results. 

In general, the boundaries between the areas con- 
taining the a and y phases were considered to be 
accurate to -+-percent-alloy composition; the 
boundaries between the hard phases were considered 
to be less accurate. 


2.4. Procedures for the Identification of Phases 


The polishing procedure 
specimens for etching, preliminar v to microscopic 
examination, was conventional exce pt for the last 
stage, which consisted of either an electropolishing 
treatment or a combination of electrolytic and me- 
chanical methods. The electrolyte consisted of 70 
percent of glacial acetic acid, 20 percent of acetic 
anhydride, and 10 percent of perchloric acid (75% 
strength) by volume and was used at a potential 
between 40 and 50 v, dc. The most successful etching 
reagent was alkaline ferricyanide, made to the follow- 
ing strength: 20 g of K;Fe(CN), plus 20 g of KOH 
per 100 ml of water. This solution precipitated 
K,Fe(CN), at room temperature because of the 
common ion effect; but, inasmuch as satisfactory 
results were being obtained, no attempt was made to 
adjust its concentration. 

The alkaline ferricyanide reagent was both staining 
and etching in its attack and was used either cold 
(room temperature) or hot (200° F). The sequence 
in which the interference colors appeared was approx- 
imately the same; however, the development periods 
of the colors differed considerably as a function of 
the temperature of the reagent. The final color of 
the film appeared to be copper brown, with variations 
of hue for different constituents. The o phase re- 
quired 2 or more min in the hot solution to acquire 
the brown film (figs. 4 and 5), whereas in a like period, 
n was deeply etched (fig. 5). Although not shown in 
this figure, ¢€ also was deeply etched by the hot 
solution. In the cold solution, 7 and e, when present, 
acquired a deep copper-brown film within 10 sec 
(figs. 6, 7, 8, and 9). The x phase reacted slightly 
faster than o but was sufficiently different to permit 
easy identification (figs. 4 and 5). The rate of 
staining of p was between that of » and x (figs. 9, 
10, and 11). 

Primary @ acquired a light-tan stain on prolonged 
etching in the hot alkaline-ferricyanide — 
whereas y or transformed y was not affected (fig. 4). 
In specimens containing hard phases that were very 
sensitive to the hot reagent, primary a could be 
distinguished from primary y or transformed ¥ either 
by previously etching with aqua regia (fig. 6) or by 
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FIGURE 12 Diffractometer charts of the hard phases x, n, €, p, 


and é@ 


electrolytically etching in 10-pereent chromic acid 
figs. 7, 8, and 11). The » and e phases could not 
he readily distinguished from each other. The 
rates of attack or staining of the hard constituents 
varied somewhat with alloy composition and reheat- 
ing temperature; but this change was gradual and 
did not affect the ease of identification. 

The most rapid change in the effects of the alkaline- 
ferricyanide reagent on o occurs in alloys whose 
molybdenum contents varied from 0 to 3 percent, 
which include the commercial alloys. This rapid 
change. however, did not affect the certainty with 
which o could be distinguished. The rapid change 
in the action of the alkaline-ferricvanide reagent on 


1] 


o probably is explained by the rapid change in the 
molybdenum content of ¢« in alloys varying from 
0 to 3 percent, for it has been found [2] that ¢ in a 
3.2-percent-molybdenum commercial alloy contains 
approximately 12 percent of molybdenum. 

The phases distinguished in the microstructure 
were carefully correlated with their respective X-ray 
diffraction patterns. This was possible to a large 
extent because, with respect to the soft phases 
a Fe and y Fe), the hard phases (¢, x, €, p, 7) were 
relatively insoluble in the following solutions: 
Dissolution procedure: 

45 g¢ of FeCl,-6H,O in 100 ml of water. Used 
largely for specimens low in chromium that had been 
reheated to 1,800° F or lower. 

100 ml of HCI concentrated, plus 1 or 2 drops of 
nitric acid. Used to separate 7. 

10 g of CuCl, in 100 ml of HCl, concentrated. 
Used largely for specimens reheated to 1,800° F or 
lower temperatures. 

Aqua regia. Used to separate o and x. 
Electrolytic dissolution procedure: 

45 ¢ of FeCl,-6H.0 in 100 ml of water. Used to 
separate a and x. 

10 percent HCl. Used to separate x, €, 7, and p. 

The correlations were made by selecting alloys 
that contained a single hard phase, making a 
thorough study of their microstructures, and then 
obtaining a diffractometer chart from each of the 
separated hard phases. Analyses of these charts 
showed that each phase had a characteristic pattern 
that could be easily identified in the 2@ range of 
40° to 60° (Co—Ka radiation) of the diffractometer, 
as shown in figure 12. 

Diffraction charts obtained from residues contain- 
ing several phases were sometimes troublesome to 
analyze because of superposition of lines, particularly 
when residues contained only traces of phases; for 
example, when 7 was present as a trace in a mixture of 
p and e. Recourse to angles beyond the 40° to 60° 
diffractometer range did not help, because too many 
lines overlapped or were too weak to be resolved. 
In these cases identification usually could be made 
by the judicious use of solutions listed above. The 
solubility of the hard phases differed slightly in the 
different solutions, thereby affecting the relative 
amounts of the phases in the residue. This affected 
the relative intensities of lines belonging to certain 
patterns, thus aiding in their separation and the 
subsequent identification of the patterns registered 
on the diffractometer chart. 

There were a few cases in which it was difficult to 
distinguish microscopically between certain hard and 
soft phases. In those cases corroborating evidence 
was obtained from the diamond pyramid hardness 
(DPH) values on the phases in question. For this 
purpose a Bergsman hardness tester was employed, 
using a 15-¢ load for 10 sec. The DPH values for 
the soft phases varied from 200 to 400, and the hard 
phases, from 1,000 to 2,000, no attempt was made to 
distinguish between certain hard and soft phases. 





3. Structure of Phases 


Because all of the five hard phases encountered in 
the 70-percent-iron quaternary alloys can be repre- 
sented in a chromium-iron-molybdenum ternary 
diagram, this type of diagram, without regard for 
temperature, has been used to represent their 
approximate composition (fig. 13). 

The well-known o phase has a tetragonal structure 
[4], and in the chromium-iron system o has the com- 
position of FeCr, and is stable below 1,508° F [5]. 
If considered on a temperature gradient, o has a 
solid-solution field [6,7] through the chromium-iron- 
molybdenum ternary to the chemical composition 
FeMo [8,9] in the iron-molybdenum system, where 
it is stable only above 2,160° F [10]. 

The x phase [11] has a low-symmetry cubic strue- 
ture of the alpha-manganese type and a chemical 
formula, FeggCry.Moy [12,13]. Results of this in- 
vestigation, discussed later, indicate that x has an 
upper limit of stability at approximately 2,150° F. 

The ¢ phase has a rhombohedral structure [14,15], 
and the chemical composition Fe,Mo, [7,8;16]. The 
e phase can dissolve considerable nickel [17] but very 
little chromium. 

The » phase was found, early in the work in 
residues separated from the quaternary alloys, to 
have a hexagonal structure. This suggested that 
the structure of » was the Laves type and isomorphic 
with that of Fe,W [15]. Kuo [18], in discussing 
VerSnyder’s and Beattie’s paper [19], in which they 
report a phase of the Laves type in a modified 12- 
percent-chromium stainless alloy, pointed out that 
Zaletaeva, et al. [20] had reported recently the 
existence of Fe,Mo. Zaletaeva found a hard phase 
in a 0.1-pereent-carbon, 16-percent-chromium, 25- 
percent-nickel, 6-percent-molybdenum alloy that 
was considered to be Fe,Mo, but this was not con- 
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Figure 13. Schematic representation of the compositions of 
the hard phases in the chromium-iron-molubdenum system. 
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firmed by chemical analysis. Kuo also gave addi- 
tional indirect evidence of the existence of Fe,Mo. 
These reports are in line with the early work of 
Vigoroux [21], who had reported Fe,Mo on the basis 
of chemical analysis of residues obtained from alloys 
made by reducing mixtures of iron and molybdenum 
oxides. 

The foregoing review definitely indicated the 
existence of a Fe.Mo phase, notwithstanding the 
fact that it is not included in the contemporary 
diagram [3]. In order to determine whether or not 
FeMo, Fe,Mo., and Fe.Mo could be made by powder 
technique and to provide standard diffraction pat- 
terns of the ¢ and 7 phases, several iron-molybdenum 
alloys were investigated. 

Iron-molybdenum alloys having compositions of 
FeMo, Fe,Mo., and Fe,Mo were prepared and sin- 
tered. Alloys FeMo and Fe,;Mo, were reheated to 
2,690° F for 2 hr and quenched in water. Alloy 
Fe.Mo was heated to 2,500° F for 2 hr and quenched 
in water. Specimens then were reheated to 2,200°, 
2,000°, 1,800°, 1,650°, and 1,500° F, as previously 
described. The phases indicated by diffraction pat- 
terns obtained from the reheated specimens are listed 
in table 3. The FeMo alloy quenched from 2,690° F 
was o, but was e and a Mo when quenched from 
2,.200° F. This indicates that FeMo decomposes at 
a higher temperature than indicated by the iron- 
molybdenum diagram, providing the alloy did net 
transform in quenching. The Fe,Mo, alloy quenched 
from 2,690° F was o with a trace of e, but was e when 
quenched from 2,200° and 2,000° F. The Fe,Mo 
alloy quenched from 2,500° and 2,200° F was @ and 
e, but was a, e, and 7 when quenched from 1,500° F. 
Obviously equilibrium was not established, but the 
results did indicate that at 1,500° F, a, and e were re- 
acting to form 7 and that 7 was not stable at 2,000° 
F. In order to establish better the existence of 
Fe,Mo and to provide an alloy from which it could be 
separated with minimum contamination, an alloy 
having the composition 80-percent-iron and 20-per- 
cent-molybdenum was prepared, sintered, and sol- 
tion-treated at 2,500° F. Quenched from 2,500° F, 
this alloy was a; from 2,200° and 2,000° F, @ and ¢; 
from 1,800° F, @, ¢, and 7; and from 1,650° and 1,500° 
F, a@ and ». Equilibrium was not established at 
1,800° F, probably because the upper temperature 
of stability of » is near 1,800° F. 


TARLE 3. Phases identified in tron-molybdenum alloys 
Reaction temperature, °F 
Atom ratio Mo 
content 
2.5000 2,200 2.000 1.800 1,650 1,500 
Weight ©; 
FeMo 63 (* e,a Mo 
Fe;Moe 55 (> « P 
Fk 2 Mo .2 ave a,eé a,é a,¢é,7 
20 ae a.eé a,eé a,é,7 a.n a,n 
® Reheated to 2,690° F for 2 hr, and quenched in water. Examination showed 
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TABLE }. Data obtained from standard X-ray diffraction 
pattern for the « phase,* Fe Moy 
hi l ( Ka Aki 1 I Co-Ka 
rad radia 
tion 
1 l¢ 1 deg 
w4 tt ( ; " 1-00-20 1. 2258 6 93. 72 
11 $73 { i4 1-18 _ 
13 ISU 4 tt 0.0.2] (! 2251 7 13. 9 
2.179 t is 0-1 1. 2176 i 
0-12 2.14 2 4 220) 1. 1870 2 7.79 
| ” 1M s 2-0.20 1. OS04 10 110. 39 
a 2 ( $2 1-1-21 1. OS74 Is 110. 69 
y2 31 2-1-17 1. OS34 1 111. 20 
ae s Jt 1 4 3015 jt 070s nae. 2S 
a i] 2 r 4.1.10 1.0424 2 LIS. 2 
1140 x ; s } 2-2-12 1028814 12 118. WY 
”) 4 ) oO & 1 1. 0274 1 121. 08 
13 ‘s ! s-1-11 | - . — 
s $2 2.2 1)2 i! 02t9 121 
2 mw 1 ‘ ; ?.()-22 } . — 
Te 19 3. 104 1. 0154 ° 123. 3 
17 s1X2 2 x 105 1. OOR2 6 125.0 
1 1 3880 | mi) 1S i7 0. YU02 6 120. 14 
vil. s } ; Is ate 124. 62 
9 2M » s4 $-0.10 O54 139. 10 
' S052 2 st 2-2-18 1 ose _ 
; a5 9) aT 4 3.0.21 f 112s ) 157. 00 
, m” xO ON 2.1.23 wi71 Lt). SE 
I eter 
HI } ~ \ OS \ 404 
R t 8.UY A a ; 74 
Sep ted x0) | my M lloy ter reheating to 2,000° F for 75 hr Thea 
k ytrix lved ¢ i 10-percent HC] solutior 
I e height of peak he diffractometer chart obtained with Co-Ka 
radiation with respect to s 
All angles greater than 58.74 deg are to the peak of the Co-Ka; wavelengt} 


The lattice parameters calculated from the data 
obtained from diffraction charts for the e that had 
been separated from the 80-percent-iron, 20-percent- 
molybdenum alloy after reheating to 2,000° F (table 
4) compare very well with the values, a=4.741 A 
and c= 25.63 A, reported by Arnfelt and Westgren 
[15]. The excellent agreement of the observed in- 
tensities, obtained for » from the residue after re- 
heating to 1,650° F, with the calculated intensities 
obtained by VerSnyder and Beattie (table 
considered to confirm that Fe,.Mo does exist and that 
ithas the Laves MgZn, tvpe of structure. Chemical 
analysis of the separated » (table 6) indicates that 
Fe,Mo can dissolve up to 4 percent of iron at 1,650 
F. Similar analyses of » separated from the quater- 
nary alloys indicate that nickel and chromium also 
are soluble in the structure. 

The p phase, obtained from a quaternary alloy 
containing | percent of nickel, was identified 
having a composition of approximately 4 percent of 
chromium, 53 percent of iron, and 43 percent of 
molybdenum (table 6); but as yet the structure is 
unknown. ‘This composition has been confirmed by 
specially prepared alloys (table 7), which also indicate 
that p has an increased solubility field near the sol- 
dus. The d-spacing of p showed a pronounced shift 
to larger values with the addition of molybdenum. 
The iron-rich composition approximates the type 
formula AB, of the structure, considering 
molybdenum as the A unit and iron and chromium 
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TarLe 5. Data obtained from standard X-ray diffraction 


pattern for the n phase,* Fe.Mo 


I 
29 
Aki d (Co-Kay 
Ob- Caleu- radiation 
served lated 4 
1 deg 
100 $100 2 0.6 25. 20 
101 3. 624 3 3.6 28. 58 
102 2 812 6 7.0 37. 09 
110 2 369 it) 56. 7 44.37 
103 2.180 100 101.0 48.44 
200) 2. 053 16 14.6 1. 67 
112 2. 020 3 100.0 52.57 
21 1. O84 6S 73. 2 53. 60 
004 1. W331 7 9.6 55.19 
202 1.813 3 5.9 59.14 
104 1. 7478 6 8.4 61. 56 
203 1. 6047 l 0.3 67. 75 
211 1. 5217 0.5 5 72. 00 
10) 1. 4464 s 4.1 76. 40 
30) 1. 3689 9 6.4 81. 60 
21 1, 3204 0 24.5 84. 57 
$02 1. 20O0¢ ”) } - 87. 57 
ms = 17.8 
Oe 1. 2876 10 | RR 00 
2 1, 2349 20) 18.3 92. 82 
106 1. 2286 1 2.4 93. 44 
214 1. 2103 l 3.4 05. 30 
») 1. 1859 16 14.9 97. 92 
21 1. 0954 7 2.4 109. 49 
$12 1. 0930 0.4 109, 84 
206 1.0911 5 5.8 110.13 
$13 1. 0421 1 91 118. 96 
41 1, O82 3 122. 93 
224 1. O107 ; 124. 51 
2 0. 9198 2 128. 64 
2it Y912 2 128. ON 
108 9402 14 144.12 
$15 9171 { 154. 48 
$1") S466 172. 090 
Lattice paran eters 
Hexagonal system: a=4.744eA, c=7.725-A, 


a 1.6428 


* Separated from 80 Fe-20 Mo alloy, after reheating 
to 1,650° F for 500 hr The a Fe matrix was dissolved 
electrolytically in a 10-percent HC] solution 

Data obtained from pattern of back-reflection focus 
Ing camera 

Che relative height of peak in the diffractometer 
hart obtained with Co-Ka radiation with respect to 
strongest line 

1 lata taken from’ VerSynder and Beattie, Trans 
Soc. Metals 47, p. 219 (1955 
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TARLE 6. Chemical analysis of single-phase re sidues 


| 


Pa | Residue 
IM Phase 
( Fe \lo N Cr Fes Mo Ni 

I 

O65 SI) 2 ( 0 55.8 44.2 0 n 
640 i rt S 1s . = 17.2 165.0 10 n 
1.650 ; 7( 2 4 6.0 4 44.4 4.1 n 
1) j ri 25 l +8 52.7 43.5 0 p 

By difference 


as the B unit. This inference proved to be improb- 
able, however, because the d-spacings (table 7) did 
not correspond to a hexagonal structure of the Laves 
type. 

Goldschmidt [22] has reported an “‘N”’ phase in 
the chromium-iron-molybdenum system with a 
solubility field at approximately 1,100° F, as shown 
in figure 12. The diffraction data for N [12] did 
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not agree with that for p (table 8 Goldschmidt 
[23], in referring to unpublished work, stated that 
N was isomorphic with a phase in the chromium- 
cobalt-molybdenum system that has the approximate 
formula Co;Cr,Mo, Rideout and Beck [24,25 
reported an “R” phase at the approximate COmposi- 
tion of Co »Cr,Mo,. If and chromium are 
considered the B unit, R also approximates the AB 
tvpe formula. The diffraction pattern of R differs 
from that of the N phase. Except for a few weak 
lines, there is excellent agreement of the R lines with 
those of the p phase table 8 The presence of p 
in the chromium-iron-molybdenum system is_ not 
incompatible with that of N, but the results for the 
former do indicate that N not stable at temper- 
atures above 1,500° F. Alloys at lower temperatures 
were not investigated. 

The p phase has been found to precipitate in 70- 
percent-iron ternary and quaternary alloys having 
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FIGURE 14 Microstructure of 65 Fe-35 Mo alloy after reheat- 
ing within liq tidus, 2.675°F, and que nching in water. 
Concentrated (hydrochlori« 1) containing few drops of nitric acid. Shows 
yracteristic Widmanstitten structut X-ray diffractometer chart obtained 

d surface indicated that a and p were present ~ 1500 


approximately 30 percent of molybdenum on quench- 
ing from the sintering temperature. This suggests 
that the precipitation observed by earlier workers 
8,10,16] in the iron-molybdenum binary alloys 
might be p. An alloy containing 65 percent of iron 
and 35 percent of molybdenum when quenched from 
the melt, was found to contain @ and p by X-ray 
diffraction methods. The microstructure (fig. 14) 
indicates that upon solidification, a formed first and 
then p precipitated forming the Widmanstitten 
structure. The p phase appears to be transitory or 
metastable in tron-molybdenum binary and_ iron- 
molybdenum-nickel ternary alloys, somewhat analog- 
ous to y’ in the silver-aluminum system [26]; there- 
fore, p Should not be indicated in the phase diagrams 
of these systems. 


4. Phase Diagrams 





4.1. The Iron-Molybdenum System 
The contemporary phase diagram for the iron- 
molybdenum system [3] was modified to include the 
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Ke.Mo phase that has been tentatively designated 
as » (fig. 15). The field for FeMo was redesignated 
as o to conform with present knowledge. 


4.2. The Iron-Chromium-Molybdenum Alloys 
Containing 70 and 80 Percent of Iron 


The information obtained from a survey of the 
literature on the chromium-iron-molybdenum system 
was summarized in temperature-composition dia- 
grams (figs. 16 and 17) for comparison with the re- 
sults in this investigation (figs. 18 and 19). Putman, 
et al. [6] and Baen and Duwez |7] indicated extensive 
fields containing o, whereas MeMullin, et al. [12] 
indicated that this area contained x and only small 
fields containing ¢. Goldschmidt [22], in addition 
to fields containing e and o at 1,090° F, indicated 
other fields that included the N phase previously 
discussed. 

From the results for the 70-percent-iron alloys (fig. 
18), it was concluded that there were fields contain- 
ing p at high temperatures. The upper limit of x is 
indicated at approximately 2,150° F. This was justi- 
fied by the absence of x, in alloys containing 15.5, 
18, 19.5, and 22.5 percent of molybdenum, after re- 
heating to 2,200° F and on the basis of results ob- 
tained with an alloy that corresponded to the com- 
position of x [12]. These results (table 7) showed x 
was present at 2,150° F but not at 2,200° F. The 
presence of a plus o at 2,200° and 2,150° F, and x 
plus o at 2,125° F, indicates that the 18-percent- 
chromium, 56-percent-iron, and 26-percent-molybde- 
num alloy cuts across mono- and bi-phase fields in 
the range from 1,500° to 2,600° F. 

A horizontal line was drawn slightly below 1,800° 
IF to indicate the lower limit of 6; however, it 
believed that the lower limit of p is better represented 
by the eutectoid type of decomposition (fig. 18). 
This section of the diagram is considered to be 
tentative because of the difficulty in approximating 
equilibrium in alloys containing 22.5 to 28 percent 
of molybdenum. The boundaries of fields contain- 
ing x were not extrapolated below 1,500° F because 
there is evidence that x might have a lower limit of 
stability. The x phase was not observed in the 
alloy having the x composition when reheated for 
16 hr at 1,400° F; furthermore, only traces of x and 
large amounts of » were found in the 70-percent-iron 
alloys, having compositions in the x area outlined in 
figure 1, that were examined after the sintering treat- 
ments. In the sintering treatments the cooling rate 
was rapid between 2,500° and 1,500° F. The 
boundary between the @ and a-plus-o fields was 
connected to the point in the chromium-iron system 
indicated in the diagram by Cook and Jones [5]. 
The connecting curve appears reasonable. 

The results of examinations of the iron-chromium- 
molybdenum alloys containing 80 percent of iron are 
summarized in figure 19 and appear consistent with 
those obtained for the 70-percent-iron alloys. The 
iron-chromium-molybdenum alloys containing 80 
percent of iron were prepared to help interpret and 
substantiate the results for the 70-percent-iron 
alloys, particularly those alloys whose composition 
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also helped in interpreting results obtained at the 
lower temperatures, 1,800 1,650 and 1.500° F 
The results obtained for the high-molybdenum 70- 
percent-iron alloys had shown that the hard phases 
precipitated during cooling from the sintering opera- 
tion had not changed when reheated to 1,800° F 
below These alloys, when solution-treated for 2 hr 
at 2,500° F, precipitated finely divided p in quench- 
ing or in the initial stages of there heating periods 
Furthermore, the end products involved nm reactions 
between the finely divided precipitates and the 
matrix at the reheating temperatures were difficult 
to resolve and distinguish in the microstructure. In 
some specimens it appeared that the finely divided 
p had not decomposed, and moreover, the lines in the 
diffraction patterns were diffuse. These difficulties 
.were not experienced in the high-molybdenum-—so- 
percent-iron alloys. The microstructure could 
interpreted and the diffraction patterns were better 


or 


be 
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Oper ‘ ned tea \ nvestigated 


defined. — Equilibrium probably was closely approxi- 
mated at all temperatures except possibly, at 1.800° F 


4.3. The Iron-Molybdenum-Nickel Alloys Containing 
70 Percent of Iron 


The phases identified in the iron-moly bdenum- 
nickel alloys are summarized graphically in a tem- 
perature-composition diagram, figure 20. |The infor- 
mation in the literature is limited to an investigation 
by Das and Beck [17] at 2,200° F and the contem- 
porary iron-molybdenum diagram by Sykes [8 
The present work indicates that the boundary 
between the y-plus-e and y fields is at 18 percent of 
nickel rather than 15.5 percent of nickel, as indicated 
by Das and Beck. The boundaries encompassing 
the y-plus-n-plus-e field are less certain than the 
other boundaries and are dashed. Results obtained 
for iron-molybdenum-nickel alloys having iron con- 


tents other than 70 percent of iron (table 7) indicated 
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that the duration of the sintering treatment might 
influence the relative amounts of «€ and » formed at 
the reheating temperature. The ¢ phase was found 
in instances when » was expected in a few alloys in 


which the sintering period had been 48 hr instead of 
A probable explanation of 


the customary 240 hr. 
these results is that oxygen was not so completely 
removed as in the 240-hr sintering treatment. 


reaction in which 7 is formed at the expense of e. 
4.4. The Iron-Chromium-Nickel Alloys Containing 


70 Percent of Iron 


The phases identified in the iron-chromium- 
nickel alloys and information derived from the liter- 
ature are summarized in figure 21. The agreement 


between the results of the present study and those 
of Rees, et al. [27] are very good, but quite different 
Ergang [28]. 


ry 
Che 


from those of Schafmeister and 
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em-nickel alloys 
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containing 70 percent of tron. 
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The 


oxide particles probably retarded or prevented the 
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junction of the y, y-plus-c, a-plus-y, and a-plus-y- 
plus-o fields is shown to be 0.5 percent toward higher 
nickel contents, and 30° to 40° F higher in tempera- 
ture than that indicated by data from Rees, et al. 


4.5. The Iron-Chromium-Molybdenum-Nickel Alloys 
Containing 70 Percent of Iron 


The alloy compositional limits of the seven phases, 


a, Y, o, €, x, 7, and p, in the 70-percent-iron alloys 
at the 5 temperatures of 2,200°, 2,000°, 1,800°, 
1,650°, and 1,500° F are shown graphically in 5 


99 


ternary diagrams, figure 22. The apexes are points 
in the corresponding binary systems, and the sides 
are isothermal sections in figures 18, 20, and 21. 

The hard phases occur only near the 30-percent- 
molybdenum corner at 2,200° F. It is probable 
that the hard phases would not be present in the 
70-percent-iron alloys at approximately 2,530° F; 
therefore, a similar diagram would show only the 
compositional limits of a and y. There are definite 
areas for p and ¢ at 2,200° F. The area in which 7 
was found is less certain. It is probable that 7 
is stable at a higher temperature in the quaternary 
alloys than in the ternary and binary alloys. 

At 2,000° F, x was found and the field in which 
n was found was expanded considerably. Fields for 
all seven phases were found at 1,800° F. The o 
phase is represented in two separate areas. This was 
checked with alloys that had compositions lying 
between the stable areas. It is probable that in 
alloys of lower iron content, the o areas would be 
connected, 

The « and p phases were not found in the 70- 
percent-iron quaternary alloys at 1,650° and 1,500° 
F. The area in which o was found has continued to 
expand, and at 1,500° touches the 70-percent-iron— 
molybdenum-nickel ternary line. It is noteworthy 
that the minimum chromium content of the o areas 
is about 16 percent for a range of 3 to 9 percent of 
molybdenum at 1,800°, 1,650°, and 1,500° F. 
Because some alloys within the o areas are mixtures 
of a and y in varying ratios at temperatures near 
2,500° F:; and because o, and x to a lesser extent, 
preferentially precipitates in primary a [2]; and 
because n apparently prefers primary y (fig. 5), the 
boundaries of these areas in which o, x, and 7 are 
found might be influenced by the solution-treating 
temperature. The total shift in a boundary that 
could be brought about by changes in the relative 
amounts of primary @ and y is believed to be less 
than 2 percent in alloy composition. 

The evidence that x probably was not stable be- 
low 1,500° F was discussed in a previous section. 
A diagram at such a temperature would show only 
a, y, ¢, and ». The boundary of the area in which 7 
would be found probably would start at 3 to 6 per- 
cent of molybdenum in the 70-percent-iron—chro- 
mium-molybdenum ternary line, connect with the 7 
area as shown in the 1,500° F diagram at 20 percent 
of chromium and 3 percent of molybdenum, and 
continue as drawn to the 70-percent-iron—molybde- 
num-nickel ternary line. 
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Fiaure 22. Phase diagrams for iron-chromium-molybdenum-nickel alloys containing 70 percent of iron at 2,200°, 2,000° 1,50 


1.650°, and 1,4500° F. 
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5. Summary 


\llovs containing 70 and 80 percent of iron, and 
vercentages of chromium, molybdenum, and_ nickel 
carving from 0 to 30 and 20, respectively, were pre- 
yared from known mixtures of powdered metals, 
compacted into 2-¢ pellets, and sintered in dry 
hydrogen at 2,500° F. Sintered pellets were re- 
heated to 2,200°, 2,000°, 1,800°, 1,650°, and 1,500 
F for 25, 75, 250, 500, and 1,000 hr, respectively, 
and quenched mn wate! SOOTHE pellets were reheated 
at 2,500° F before reheating at these temperatures. 
The carbon content of the sintered pellets was less 
than 0.0] percent, the oxvgen content was 0.005 to 
0.007 percent, and the nitrogen content was 0.003 
percent 
Ke, and five hard 
n, and p, were identified as stable co- 


Two soft phases, a Fe and 4 
phases, O, X, €; 
existing phases in the iron-chromium-molybdenum- 
nickel alloys The o, €, and 7 phases were identified 

the iron-molybdenum alloys and have the com- 
position FeMo, Fe,;Mo,, and Fe,Mo, respectively. 
The x and p phases were identified in the chromium- 
iron-molybdenum alloys The n and p phases have 
not been identified previously in the iron-molybde- 
num and chromium-iron-molybdenum alloys, 
spectively. The composition of p in the quaternary 
allov containing 70 percent of iron, 4 percent of 
chromium, 25 pereent of molybdenum, and 1 per- 
53 percent of tron, 4 percent of 


re- 


cent of nickel was 
chromium, and 43 percent of molybdenum. The p 
phase has been identified also in iron-molybdenum- 
nickel alloys containing 70 percent of iron and in 
iron-molybdenum alloys, but only in the quenched 
condition. In this condition the alloys had a char- 
acteristic Widmanstiten structure consisting of 
alternate bands of a Fe and p. Diagrams were con- 
structed to show the fields of stability with respect 
to composition for coexisting phases in the quater- 
nary, ternary, and binary alloys. 


The authors are grateful for the assistance of 
Robert I. Frank, who made many of the residue 
separations and diffractometer charts that were 


necessary in the identification of the phases, 
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Construction of a Késters Double-Image Prism 
J. B. Saunders 


An interferometric 
Image prisms of the Koésters type. 


method is described for use in constructing and adjusting double- 
The faces of the prisms form the elements of several 


interferometers that are used for testing and for making adjustments during construction. 


The prisms are 


cemented together and are quite stable. 


The precision attainable in the 


adjustments approaches interferometric perfe ‘tion. 


1. Introduction 
The Késters double-image prism! forms an im- 
portant element in several types of interferometers 
However, there is little information in the literature 
Private correspondence with 
other laboratories indicates that the components ol 
previously constructed prisms have been separates 
by thin films of oil and held in adjustment by thei 
housing. This manner of assembly seems unstable, 
necessitating the frequent use of fine adjustments, 
thereby increasing difficulties in applications. A 
technique is deseribed whereby these compound 
prisms, and modifications * of them, can be accurately 
constructed and cemented with hardened cements 
that favor stability and permanence of calibration. 


2. Construction of Double-Image Prism 


2.1. Prism Components 


The compound prism is made from a pair of nearly 
identical prisms. For ease of discussion the angles and 
faces of the prisms are labeled as shown in figure 1. 
A prism that is a little more than twice as long as the 
final prism is ground and polished. The angle @ is 
adjusted, by grinding the original prism to approx- 
imately the desired value, and the adjacent faces 
BB’ and CC’ are then polished to a high degree of 
planeness. Face AA’ may be cloth polished, as its 
finish is of little importance at this stage. Angles 6 
and y are not critical for precise adjustment of these 
components. These angles and faces A and A’ will 
be finished by fine polishirg, using interference of 
light for testing them, after the thickness of the 
cement and relative position of the prisms have been 
adjusted and the cement has hardened. 

The prism shown in figure 1 is sawed into two 
prisms of equal length by cutting through a section 
parallel to the ends and midway between them. 





W. Késters, Interferenzdoppelprisma fur Messzwecke, Deutsches Reich 
wtentschrift 595211 (1934 
J. B. Saunders, Inverting interferometer, J. Opt. Soc. 45, 133 (1955 


This produces two prisms (ABC and A’B’C’) of equal 
angles, which are identified from the designations of 
their faces. The prisms then receive semitransparent 
coats of aluminum on the entire area of face B’ and 
the lower one-third (toward the base) of face B. 
They are then cemented together (face B to B’, as 
shown in fig. 2a) with no attempt toward paralleling 
the film of cement or adjusting the prisms. 











FIGuRE 1. 


Components of a Késters double-image prism. 








FIGURE 2. Cemented prism before it is adjusted. 








2.2. Optical Cement 


Any optical cement that can be worked as a liquid, 
becoming hard at ambient temperatures, can be used 
in these prisms. Canada balsam has been used quite 
successfully. Its hardness is adjusted, by distillation 
of volatile constituents, considered 
proper, by an experienced optician, for cementing 
lenses. The refractive index and dispersion of the 
sample used here were quite similar to the glass of 
the prisms.’ This combination of cement and glass 
practically eliminates reflection and refraction at the 
uncoated parts of surface B. The cement effectively 
becomes a part of prism ABC, and the acute angle 
between B and C disappears optically and becomes 
effectively the variable angle between faces B’ and C 
Figure 2, b, shows the prism after the film of cement 
has been adjusted parallel and the vertex of angle @ 
of prism A’B’C’ has been adjusted to lie in the plane 
of face C so that B’ accurately bisects the dihedral 
angle between C and C’. 


to a consistency 


2.3. Description of Oven 


After the prism components are cemented together 
and all excess cement removed, they are placed in a 
padded V -block. to be deseribed later. The v -block 
with the prism components P; and /2 is then placed 
in an electrically heated and thermostatically con- 
trolled oven, illustrated in figure 3. The adjusting 
screws attached to the V-block protrude through the 
walls of the oven and are accessible to the operator 
from outside. A window in the top of the oven 
permits visual inspection of the prism at all times. 
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2.4. Working Temperatures 


The procedure used in the cementing of the two 
components of the prism is that normally used jy 
cementing lenses and prisms. An important cop. 
sideration during this cementing is to avoid getting 
dust or other foreign particles and air bubbles into 
the cement. 
in the initial cementing, except to leave faces A and 
A’ approximately coplanar. 

The adjustment of the prism components relatiy, 
to each other is performed at a temperature (abou 
80° C for the cement used here) at which the y ISCOSity 
of the cement is small. The prisms ure adjusted at 


this temperature to approximate, as closely as possi- 


ble, the desired condition. The temperature is the 
reduced to about 55° C, where the VISCOsILY of the 
cement is high. Further fine adjustments may the 
be completed by applying localized pressures over 
longer periods of time. The prism is then cooled 
slowly to room temperature. 


2.5. Illumination 


Inspection of the prism is made bv interferometry 
methods. later, Light from. the 
source, shown in figure 3, passes through a collimat- 
ing lens. L,. and is reflected through the window of 
the oven by a mirror into prism P,;. After multiple 
reflections in the two prisms, the light emerges from 
prism P, as two coherent beams of interfering light 


sees inter- 


to be deseribed 


The observer's eve, located above lens Ly - 
ference fringes in the prisms. 

A line SOUrCe, such as a low-pressure, unfiltered 
mereury-vapor lamp, is used for the preliminary 
adjustment of the prisms and an ordinary tungstea 
adjustments. 


lamp is used for the final 


2.6. The Adjustable V-Block 
a, Adjusting Screws 


The V-block, illustrated in fivure 4, with its seven 





adjustable screws, permits the operator to make all 
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No adjustment considerations are used 5 
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necessary adjustments of the prisms relative to each 
other. There are 6 degrees of motion available—3 
rotations and 3 displacements— about and along 3 
rectangular coordinate axes, which lie in and normal 
to the dividing plane of the prism. 

The prism is protected from fracture, during ad- 
‘jstments, by means of pads made from thick blot- 
‘ing paper. The cemented prism is placed in the 
/-block, with faces C and C’ resting on these pads. 
Pads are also cemented to the bottoms of the pivots 
rest on faces A and A’ and through which 


that 
S;, 5S; 5;, and S,; apply stresses to the prisms. 


screws 

The effective length of the trough in the V-block is 
adjusted, by means of screws S, and S,. to fit the 
length of the prism These serews also permit the 
operator to move the prism along an axis parallel to 
the vertex of the V-block, thereby changing the points 
of contact of application of stresses by screws Sz. 
s, S;, and Ss. However, they are usually adjusted 
io center the prism with respect to these serews and 
remain fixed thereafter 

The wedge of the \ -block is controlled by screw So. 
This wedge should approximate 2a, the vertex angle 
of the prism, in order to avoid the formation of vapor 
pockets (bubbies) in the cement. If it differs too 
much from the angle 2a the prism components will 
hecome separated when stresses are applied to faces 
{and A’. This screw permits direct control of the 
vertical component of the wedge in the optical 
cement. Prolonged application of stresses by S,, Ss, 
8. S;, and S, causes a thinning of the film of cement 
and changes in the vertical wedge of the cement 
intil it becomes equal to the difference between the 


wedge of the V-block and 2a. Thus, the prisms are 
muinar } rotatable, with respect to each other. about an AXIS 


} 


normal to the plane of figure 2. 

The horizontal component of the wedge in the 
ement is controlled by moving down on screws 3 
Ss, and up on screws S., S,; or vice versa. This 
represents a rotation of the prisms about an axis 
normal to faces A and A’. Displacement along this 
xis is obtained by moving down on screws Ss, S; and 
pon screws Sy, Ss or vice versa. Thus, one prism 
may be raised or lowered, relative to the other. 

The prisms are rotated, relative to each other, 


bout an axis normal to faces B and B’ by moving 


Wh on screws Sy, 5; and up on screws Ss, Sy. 


b. Sensitivity of Adjustments 


The sensitivity of these six movements depends 
pon the coarseness of the serew threads and the 
scosity of the cement The latter of these may be 
uljusted by temperature controls over a very broad 
age. The sensitiv ity of these adjustments exceeds 
that of any other interferometric adjustments known 


, o this author. 


3. Interferometric Observation of Prism 
for Adjustments 
in order to apply the adjustments to the required 


brecision, the operator must use the prism surfaces 
8 interferometers. Two interferometer arrange- 
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, Michelson-type interferometer; b and c, Fabry-Perot-type interferometer. 


ments are used to adjust the prisms relative to each 
other, and a third is used by the optician to figure 
the unfinished surfaces, A and A’, and to accurately 
adjust the angle y to 90° 

A Michelson-type interferometer is composed of 
the beam dividing plane B’ (fig. 5,a), with the two 
surfaces C and C’ serving as end mirrors. Light 
from the source above A’ is reflected from C’ to B’, 
where it divides into two equal coherent components. 
The reflected and transmitted components are 
reflected normally from C’ and C, respectively, and 
return to plane B’ from which two interfering beams 
reach the eve of the observer above A after total 
internel reflection from C. This interferometer is 
used for all adjustments of the prisms, relative to 
each other, except those for paralleling the film of 
cement. 

A Fabry-Perot type of interferometer is used for 
paralleling and to maintain parallelism of the film of 
cement. It is composed of the two adjacent alumi- 
nized areas of B and B’. Light from the line source 
shown in figure 5,b, passes through face A’, is 
reflected from C’ and is incident normally upon 
B’ and B. After multiple reflection between B and 
B’, the several resultant beams, proceeding to C, are 
reflected from C to A, through which they proceed 
to the eve of the observer. These fringes are the 
narrow Tolansky ‘ tvpe that results from multiple 
reflection. By using an isosceles prism, P;, shown 
in figure 5,c, with its surfaces made highly reflecting 
and placed symmetrically on face AA’, the Fabry- 
Perot fringes may be observed from the same position 
as for the Michelson interference fringes. If the 
Késters prism is made of 30°-60°-90° components, 
the acute angle of this isosceles prism will be sin™ 
(1/2n), where n is the index of refraction of the 
Késters prism. 

The interferometer arrangement used by the 
optician to complete the prism, after the com- 
ponents are properly adjusted relative to each other, 
is shown in figure 6. If the surfaces A and A’ are 
to be plane and coplanar, the arrangement is that of 
figure 6,a. If the surfaces A and A’ are to be spheri- 
cal, figure 6,b, is the arrangement. Either white or 
monochromatic light may be used for this test. 


‘S. Tolansky, Multiple-beam interferometry of surfaces and films (Clarendon 
Press, Oxford, 1948 
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3.1. Interpretation of Interferograms 


In order to correlate the actions of the adjusting 
screws wth corresponding changes in the interference 
fringes, the operator must be able to interpret the 
interferograms. These interferograms indicate the 
direction of the wedge in the cement and the relative 
orientation of the prisms. 

The horizontal wedge in the cement can only be 
observed with the Fabry-Perot interferometer, shown 
in figure 5,b. This interferometer arrangement | 
used to eliminate the horizontal wedge and to reduce 
the vertical component of this wedge to a small value. 

The Michelson-type interferometer of figure 5,a, 
is used for the final adjustment of the vertical 
component of the wedge in the cement and for 
adjusting the position of one prism relative to the 
other. The fringes seen in this interferometer may 
be assumed to be due to reflection from C,; and C,’ 
(fig. 7), which are images of end mirrors C and C’, 
respectively. 

To illustrate the correlation of prism movement 
with changes in the interferogram, consider figure 7. 
The component of the angle between C and C’, in 
the plane of figure 7, indicates a vertical component 
in the wedge of the cement. We wish to determine 
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the direction of this wedge tn order to know how ty 
change it. The combinations, ‘“‘motion of prism” 
with “motion of fringes,’ tabulated for each of the 
two conditions, enable the operator to determine 
which condition applies to the prism being adjusted 
When prism ABC is moved down, for instance, ( 
moves down relative to C{, causing a lateral move. 
ment of their point of intersection where the zero. 
order fringe is located. Because all the fringes moye 
in this direction, the zero-order fringe need not by 
visible. The direction of motion of the fringes, along 
a line normal to B or B’, indicates the direction of 
the wedge in the cement. 

After determination of the direction of the vertiea] 
component of the wedge in the cement, the operator 
adjusts screw S, to correct it. The author keeps a 
copy of figure 7 before him at all times during the 
adjustment operations. 


3.2. Considerations Necessary for Making Prism 
Adjustments 


The choice of the adjustment desired depends 
upon the intended application of the prism. Four 
types of finished adjustments have been used at the 
Bureau. These are illustrated in figure 8. The 
fringes of figure 8.,a, have a most favorable width 
(assumed here to be one-fifth the aperture of the 
prism) for ease of reading and are parallel to the di- 
viding plane of the prism. In figure Sb. the 
fringes have a most favorable width and are adjusted 
to be perpendicular to the dividing plane. Figur 


8,c, shows a pattern produced by a perfectly sym- | 


metrical prism. The order of interference is zero 
over the entire field of interference. Because the 
order of interference in the finished prism remains 
unchanged along the margin that is adjacent to the 
dividing plane, the zero-order fringe is confined to 
this margin during adjustments in later applications 
If it is desired to have the zero-order fringe at the 
center of the field when the fringes are parallel U 
the dividing plane and of a most favorable width 
the fringe pattern should be adjusted to that shown 
in figure S,d. The zero-order fringe, in all other 
cases, is adjusted to pass through the center of the 
aperture, 
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The wedges that are indicated by the fringes in 
figure 8,a, and 8,b, are “built-in wedges.”” When 
the prism 1s used in combination with other ele- 
ments, the built-in wedge is added to that obtained 
by adjustments 
end mirrors, or to the wave-front aberrations in the 
quxiliarv optics of the system. Thus, when a prism 
with a built-in wedge is used for testing nearly per- 
fect optical systems, the fringes never become too 
broad to measure fractions of fringes. 


3.3. Adjustment Procedure 


When the prism is placed in the V-block and in 
the oven, it will usually not present visible inter- 
ference fringes. A small object (the sharp point of 
a sewing needle is excellent) is placed on surface 
4’, indicated by X in figure 2,a. On looking into 
face A from above, two images (X, and X,) of X 
will be seen. The separation of these two images 
may be reduced to zero by manipulation of the five 
adjusting screws. If screws S, and S, of figure 4 are 
moved down (or up), the images of D move in 
opposite directions parallel to a line through S, 
and S;. If S. is changed while the other screws are 
applying some pressure, the images move in oppo- 
site directions along a line perpendicular to the plane 
of B. A low-power telescope, or long-focus micro- 
scope, permits improved vision of these images. 
When the images appear close together, interference 
fringes can be seen if a homogeneous source is used. 
The separation of the fringes is inversely propor- 
tional to the separation of the images of D. 

Experience indicates that the best procedure for 
adjusting the Késters prism is as follows: 

(a) Adjust the film of cement to the desired wedge 
by means of the Fabry-Perot interferometer, de- 
scribed above. 

b) Adjust the two refracting edges, that form the 
vertex of the angle @ (fig. 2), to the desired value by 
rotating one prism relative to the other. 

(‘) Adjust the zero order of interference to the 
desired position by vertical adjustments of the prism. 

Operations (a) and (b) determine the width and 
orientation of the fringes, and operation (c) deter- 
mines the order of interference. 

d) Reduce the temperature of the oven to 51° ¢ 
iid straighten the fringes by local application of 
The position of the zero-order fringe is 
wai corrected and the prism cooled to room tem- 
perature. 

e) Grind, polish, and adjust by altering the 
shape of face AA’ of the prism so that the fringes 
ven in the interferometer of figure 6 are similar to 
those seen in the interferometer of figure 5a. When 
these two sets of fringes are identical. angle y is 
precisely 90°; or in case surface AA’ is made spherical, 
the center of curvature lies in the dividing plane of 
the prism. 


’ 


pressures. 


3.4. Adjustment for White-Light Fringes 


Ifa white-light source is placed behind the line 
source the fringes tend to fade into the brighter 


of the apparatus, such as tilting of 
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white background. However, they will remain suffi- 
ciently visible to permit adjustments if the intensity 
of the white-light source is kept sufficiently low. 
The prism surface, A or A’, which appears highest 
by mechanical test, will, in general, need to be 
lowered in order to decrease the order of interference. 
This prism is lowered, by means of the prism adjust- 
ing screws, while maintaining fringes of sufficient 
width to detect the zero band when it passes across 
the field. An increase in contrast indicates a lower- 
ing of the order of interference. The fringes near the 
zero order will be brilliantly colored and quite 
visible. 
3.5. Final Correction 


If the prisms are large, the fringes will be difficult 
to straighten. This curvature of the fringes is due 
to incomplete relaxation of stresses in the prism, 
caused by the effective high viscosity of liquids when 
in the form of very thin films. Leaving the film of 
cement thick favors this relaxation. An experienced 
operator, however, can improve on the straightness 
of the fringes by a form of kneading. This is done 
by local distribution of the areas of the supporting 
pads and localized application of forces. The details 
of this operation are too extensive to be given here. 
It is more easily effected, however, at temperatures 
at which the cement is highly viscous but soft enough 
to be kneaded by prolonged application of unbalanced 
forces. The author finds 55° C to be a favorable 
working temperature for this operation with Canada 
balsam that is treated to have a consistency con- 
sidered proper for such use. The prism is adjusted 
and allowed to relax while holding at 80° C for a 
prolonged period (1 hr or more). It is then cooled 
slowly to 55° C and allowed to remain at this tem- 
perature over night, with all adjusting screws loosened 
and the V-block properly adjusted. This overnight 
wait is used because 1 working day does not allow 
sufficient time to complete the adjustments. Some- 
times 3 or more days may be required to attain the 
perfection required in the fringe pattern. It 
usually sufficient to straighten the fringes in the 
central one-half of the aperture, ignoring the curva- 
ture of the fringes in the marginal regions. However, 
there are applications of these prisms for which it is 
desirable, although not necessary for precision results, 
to have the three lowest-order fringes (the zero order 
and its two neighbors) straight from end to end. 
When the fringes are adequately straight and the 
zero order is properly positioned, all adjusting screws 
are relaxed and the prism allowed to cool slowly to 
ambient temperatures. 


Is 


3.6. Finishing of Prism 


Large prisms will require reinforcement to prevent 
relative shifting of the components at ambient tem- 
peratures and over long periods of use, if Canada 
balsam is used for cement. The ends of the two 
prisms will usually not be coplanar when the above 
adjustments are completed. The two screws, So 
and S;, shown in figure 4, prevent excessive lateral 
shifting of the prisms along the V-block. After the 











FIGURE 9 


1, Késters prism, 30°-60°-90 


prism is removed from the furnace, the two ends are 
rround until plane and approximately parallel. A 
perforated triangular plate of steel (fig. 9, is then 
cemented over each of the two ends, avoiding con- 
tact between the adhesive and the edges of the film 
of optical cement. This prevents contamination of 
the optical cement, and the perforations allow the 
adhesive to dry out evenly over the entire plate. 
Steel is used because its coefficient of thermal expan- 
sion approximates that of the glass more closely than 
other metals that can be used. Figure 9 is a photo- 
graph of two finished prisms. Figure 9, a, is a typi- 
cal Késters prism with 30°-60°-90° elements, and 
figure 9, b, is a smaller prism with 33°-57°-90 
elements The base of the small prism is intended 
to be finished spherically and the ground 
evlindrically to fit in a l-in. evepiece tube. 

The end plates in figure 9, a, are shaped and 
cemented in place so that they do not interfere with 
the final polishing of the base of the prism The use 
of end plates may be avoided by using thermosetting 
cement. The prism of figure 9, b, is too small to 
require end-plate reinforcement 

The base of the prism is ready for its final finish 
when the end plates are on and the adhesive inured 
Initially, a small flashlight lamp is used until the 
two images of it, seen in the prism, are brought into 
approximate coincidence by successive grinding, 
polishing or buffing, and testing. An extended 
white-light source may then be used for the remaining 
tests if the prisms have previously been adjusted to 
the conditions shown in figures 8, a, d, The 
shape of the fringes, observed in this test, is a meas- 
ure of the symmetry of the prism, which includes 
equality of the angles. The flatness of the Késters 
prism base may be tested against a master flat by 
conventional optical-shop methods, and the spheric- 
itv of the spherical base can be tested against a 
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The Kosters Interferometer 
J. B. Saunders 


Results are given on an investigation of the Késters double-image prism. 
results are not in harmony with those given by other investigators. 


Some of these 
A modification of the 


K6ésters prism is described that forms a simple interferometer that is easy to apply to the 


testing of lenses, 


mirrors, 


and combinations of these elements. 


A practical test is given for 


determining the maximum size of the source that is usable in any interferometer. 


1. Introduction 


In 1953 the Késters double-image prism |1] was 
investigated for possible use in testing lenses. It 
‘was found that the prism, when used with sym- 


metrical systems that are assembled symmetrically 
with respect to the dividing plane of the prism, 
produced a striking polychromatic interference 
phenomenon. It was found that this prism could 
he used to test the asvmmetry of mirrors and lenses, 
but that svmmetrical even-order) aberrations 
disappeared because of this symmetry. When a 
lens Or mirror is arranged unsymmetrically with 
respect to the dividing plane of the prism, the equa- 
tion for optical-path difference is too complex for 
practical application, except for a particular position 
of the light source relative to the optics of the system. 
A study of the large change in the interference 
patterns with corresponding small changes in position 
and the limitation of source size that could 
be used to get ood fringes, led to the discovery that 
for one particular position of the source many of the 


(or 


of source, 


tached above-mentioned objections disappeared. This dis- 
is used) covery led immediately to a modification of the 
irfaces.| prism, resulting in a simple arrangement that 
DO"-W"! vielded an optical-path-difference equation that is 
slightly; simple, practical, and easy to apply. A report on 
| plane ) this work, dated June 30, 1953, is not now available 
aVOUs | for distribution; its essentials are included here. 
by on 2. The Kosters Prism and Mirror 
Interferometer 
A Koésters prism was mounted just inside the 
enter of curvature of a concave mirror, M, shown in 
; prisi® figure la. A small source of light was placed at 
proaue, 5 where the light, after reflection from the mirror, 
rie pl) forms one image of the source on itself and another 
/ eas image at S;. An observer's eve placed at this point 
appr) sees an oval-shaped field of interference fringes. A 
ns have} my of light from the source is divided into two 
iu ané) components at the beam-dividing plane AB. After 
total internal reflections from faces AC and AD 


{the prism, the two components diverge from two 
eparated coherent images, S, and 83, of the source. 
After reflection from the mirror, the two component 
fays recombine at the dividing plane and proceed 
toS; where they are received by the eve of an ob- 
vrver. Refraction occurs at surfaces CB and BD 
i the prism but, to a first approximation, the two 
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beams are affected similarly and compensation 
almost nullifies this effect. 

The returning wave fronts are afflicted with off- 
axis aberrations, but these also are of the same magni- 
tudes, and, when they are recombined, compensation 
is again effected to a first approximation. Thus, a 
concave mirror will produce approximately straight 
fringes if it has axial symmetry and the axis lies in 
the dividing plane of the prism. Zonal irregularities 
do not become apparent because of symmetry. When 
the mirror is rotated about an axis through its center 
of curvature and normal to the plane of figure 1 so 
that the dividing plane intersects it off center, zonal 
irregularities then become apparent. <A similar in- 
terferometer has been described by Gates [2], using 
a different type of prism. 
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FIGURE 1, 


Késters prism and lens interferometer. 








3. The Kosters Prism and Lens Interferometer 


When the concave mirror of figure 1,a, is replaced 
by a lens and plane mirror (fig. 1,b), interference ts 
again obtained. This arrangement has been de- 
scribed also by Gates [3], but his conclusions do not 
agree with the findings of this author. 

Because of the separation of the virtual 
sources, S, and S., the two beams of collimated 
light (one from each source) are not parallel between 
the lens and mirror. They are incident at angles 
that are of equal magnitude but of opposite signs 
The resultant wave fronts are again afflicted with 
off-axis aberrations but, because of the symmetry, 
compensation is complete to a first approximation 
and straight fringes are again produced. 

If the lens is rotated about an axis through 
optical center and normal to the plane of figure | 
we have the arrangement of figure 1,c. which 
similar to that described by Gates [33]. The inter- 
ference fringes become curved. The condition of 
symmetry has been destroyed. If the light that re- 
turns into the source forms an image of the source 
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on itself (as in autocollimation), the focal surface o 
the lens will pass through S,, where Sp, is the biseet. 
ing point on the straight line joining S, and § 


Consequently, in general, S, and 5, will lie on op. 


posite sides of this surface. 
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One beam becomes COn- 
vergent atits first passage through the lens, Whereas 
the other one remains divergent until its second pas. 
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: outside the lens. Consequently, the method de- | mately s in. Consequently, the principal rays of 

ribed above does not permit off-axis testing of | the two beams are at an appreciable angle, 2a, to 
P| lonses With one conjugate at infinity. each other (see fig. 2). A ray that is undeviated on 

+ | 4 characteristic ray of light emanating from the | its first transmission through the lens will suffer 

uree, 5; of figure 1,c, divides at the beam-dividing | deviation at its second passage through it. 

slane, AB, into two ocherent component rays, 1 and | The ray trace shown in figure 2 ignores refraction 

/ 9 These two rays are incident at distances y, and | at the surfaces of the prism and also assumes the 
> | »,from the dividing plane (fig. 2) at their first inci- | focal plane of the lens to pass through S, and Sj}. 
7 jence and at distances y{ and y}; at their second | Under these assumptions the two beams are colli- 
| neidences. In general, the magnitudes of these y- | mated to the right of the lens and the equation for 
Pe values are all different, and each reference point lo- | the optical-path difference is simplified accordingly. 

| 


However, the angle of incidence on the mirror is 
+a for ray 1 and —a for ray 2, where a is the angle 
between a principal ray and the dividing plane. 
The angle between these collimated rays and normals 
to the principal plane of the lens are: For ray 1, 
source. The separation of the images in figure 3,c, | (@—a@) before and (@+a) after reflection from M; 
nd §; corresponding to y; and y; of figure 2, is three times | and for ray 2, (@+@) before and (@—a) after reflection 
On Op-' as large as that for figure 3,a. This change is due | from M, where @ is the angle between the optic axis 
€S COh- to positions Of source alone. ‘The differences in the | and the dividing plane. Thus, the image height 
vhereas sbsolute values of the four y’s will be relatively large | (distance from image to optic axis) is different for 
nd pas. if 4 is appreciable. Therefore, the equation for op- | the two component beams, and the resultant equation 
IMated | tieal-path difference must either include the separa- | relating optical path difference to the aberration 
tion of mirror from lens and position of source, or | constants of the lens must include these two image 

nelude four different y's. In either case the re- | heights or their equivalent. 
sultant equation for the fringe pattern is too complex When the ray trace shown in figure 1, ¢, is analyzed 
for practical application. it is found that the components of a given ray, after 
The two virtual sources, S, and S;, must be sep- | division, do not recombine at the dividing plane, but 
wated by an appreciable distance if each beam is to | converge to Sj from different directions. Interfer- 
fill completely the aperture of the lens. Figure 4 | ence does not result from the recombination of the 
shows the triangular areas, G’H’K’ and G’’H’’K’’, | components of an original ray but from the combi- 
jin which the two virtual sources must lie. If a 1'- | nation of two rays that leave the source from differ- 
u.-aperture prism is used to fill a 20-in. focal-length | ent directions. The Rayleigh refractometer [4] is a 
) lens of £/6.3 aperture, the lowest practical value for | familiar example of this manner of combining rays 
the separation of the two virtual sources is approxi- | to produce interference. An illustration of the course 


cated on the lens appears in quadruplicate. To illus- 
trate this, a mark was purposely placed on the lens 
used to produce figure 3. The relative separation 
of these four images depends upon the angle @, the 


— % distance from lens to mirror, and the position of the 
sect. 














FiGuRE 4. Relative positions of source. prism, and lens (or mirror) for various types of inte rfe rograms, 
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of two such rays may be obtained by placing the 
source at Si (in fig. 1, ¢ instead of S; as was previ- 
ously the case, thus reversing the directions of the 
beams. The two rays 1’ and 2’ leave plane AB from 
different points, diverge from the two virtual sources 
S, and S;, suffer differential refraction at the prism 
faces CB and BD, and traverse the lens at points 
that are at different distances from the meridional 
plane of the lens. After reflection from M, the two 
coherent beams return to points in the principal 
plane of the lens that appear coincident from 5,. 
These two points are at equal angular distances on 
opposite sides of the dividing plane of the prism. 
The rays suffer equal refraction when reentering the 
prism faces CB and BD (if the prism is perfectly 
symmetrical) and combine at a common point on 
plane AB, from which they proceed colinearly to 
point S,. The resultant differential refraction of the 
two component beams is not negligible. 


4. Size of Light Source 


In order to show the effect which the position of 
the light on an interferogram a small 
pinhole source (diam=0.2 mm) of filtered yellow light 
of helium was used to produce the interferograms of 
figures 3. a, and 38, b. The faces of the prism were 1% 
in., the focal distance and aperture of the cemented 
achromatic lens were 9 and 2 in., respectively. The 
position of the source, for the interferogram marked 
A in figure 3, was at point 5; of figure 4. The next 
picture is marked B and the corresponding position of 
the source was at S,;. Points S; and S, are approxi- 
mately 3 mm apart. Photograph C was obtained 
with two similar pinhole sources, 0.6 mm apart near 
point S; and in line with the other source positions. 
This results in a double set of fringes that produce a 


source has 


Moiré pattern. The value of @ for pictures A, B, 
and C in figure 3 was approximately 2 degrees. 
Photograph D shows a similarly obtained Moiré 


pattern with a larger value of 6. The Moiré fringes 


became more numerous and more curved with in- 
creasing values of @. 
Gates attributes the “limitation to the size of 


source which may be used with the double image 
interferometer” to imperfections in his prism. The 
quantity (€,—e), deseribed in reference [3] as the 
factor that determines the maximum size of the 
source, was less than 1 see of are for the author’s 
prism and, according to Gates, should permit the use 
of an extended The existence of Moiré 
fringes in figures 3, c, and 3, d, indicates that an 
extended source could not have been used even with 
a perfect prism. This use of two small sources is 
found to be quite practical for ascertaining the max- 
imum size of the source that can be used with any 


source. 


interferometer. 
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5. The Inverting Interferometer 


When the source is placed at sS 
(producing pairs of image sources S,, Sy’ and g 
S,') the lens is completely filled but not by Cithe; 

When placed at So the lens is al 


,; ors 


beam separately. 


SO 


completely filled, but no part of it is covered by bog) 


sources. The wave fronts for the two component 
beams have a common boundary that coincides wit} 
the dividing plane of the prism. These two way, 
fronts diverge from their common centers at 8!’ 9¢ 
parts of the same sphere. When they return throye! 
the prism one of them suffers two, and the other opp 
inversion. This results in the folding of one way 
front onto the other about their common boundary 
If the center of the lens or mirror is outside the diyid. 
ing’ plane of the prism fic. 5 : the two returning wav 
fronts differ in area and shape. Thev form the ty 
parts of a circular area that is divided by a chord 9 
the cirele. Interference fringes appear only in th 
overlapping area. If the dividing plane intersects 
the lens or mirror at its center, the interferogram js 
semicircular in shape. 

Point S, corresponds to the position of the sours 
as it is used with the inverting [5] interferometer, 4s 
the source is moved from position S,, of figure 4, 4 
S, the two images of the source converge toward al 
become coincident at Si’. 

If there were no refraction at the surfaces of th 
prism, in figure 1, and if the images of the sour 
were at So, which lies in the focal plane of the lens 
the two beams would become collimated and parall 
to each other. By making surface CBD of the pris 
spherical, with S,’ as its center of curvature, non 


Interfe 


Figure 5 


s Of figure 4 
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fraction occurs, and the rays return upon themselves. 
\fter reflection from M they again traverse the lens 


cure 4 glong the same paths, suffer no refraction at faces 
nd &; (Band BD, reunite at the point of division, and pro- 
either ceed collinearly to the point of observation. The 
iS also quantity a does not appear, having been reduced to 
v both zero by superposition ol the two virtual sources, 
ponent Consequently, the angle of incidence on M Is zero, 
swith) making Y"=Y=—Y¥=—y%. The equation for 
) Wave optical-path difference (OPD , based on Conrady’s 
Sy’ as equations and using Kingslake’s IG) terminology, is 
hroug! 

erone!| (OPD)=2XMy—g9 1Aq+ P)[39q°4+-a°+ (y—q)*| 

» wave | 24(3C+ D—4Ag’?)+ FE}, (1) 
indary . , 

» divid. where g 1s the distance from the center of the lens to 
eWwave the dividing plane of the prism. The quantity 
ne two OPD), used here, is the optical-path difference be- 
nord a tween ravs | and 2 of figure 1,c, when the images of 
a ye the source coincide at So. If the dividing plane of the 
‘Tsects 


Fram js 


source 
ter. As 
re 4, t 
urd al 


of th 
sour 
1¢ lens 
paral 
@ prisn 
, ho re 





prism is parallel to the z-axis and the coordinates of 
with the lens are (r,y), the 
corresponding coordinates for ray 2 are (x2,y—2gq). 
When g is adjusted to zero, eq (1 


the intersection of ray | 
becomes 


OPD) =2ny[B(2?-+-y?) + E]. (2) 
The quantity I is the displacement of the chosen 
image point from the dividing plane of the prism. 
When one is calculating the interference patterns, or 
otherwise analy zing the data for a given lens, the 
values for A, 2, and y will be known and (OPD) is 
observed directly. The quantity / may be elimi- 
nated by adjustment of the prism. The quantity B 
is then directly computable and is a measure of coma. 
In order to evaluate the spherical and astigmatic 
coefficients of aberrations (1 and C'in formula 2) the 
| quantity g is adjusted to a convenient magnitude. 
| The procedures described by Kingslake or Gates may 
then be applied for these evaluations. 
f Equation (2) is quite similar to Gates’ formulas if 
|} the term in 2' r°+-y?*)* of reference [4] is omitted. 
Figure 5,a, is an interferogram of a 12-in.-aperture 
parabolic mirror, tested at its center of curvature. 
Figure 5,b, isan interferogram of a 12-in-aperture 
f/ll Cassegrainian telescope, tested at its focus. A 
plane mirror was used return the collimated 
light to the focus of the telescope. A perfect tele- 
scope would have produced straight fringes. The 
shapes of the fringes indicate zonal aberration. 
The difficulty of applving the inverting 
interferometer is about equal to that of applying the 
; Foucault knife-edge test. 


' 


~ 


to 


} or ease 


6. The Prism 


The prisms used for these photographs were ex- 
perimental models, cemented together with Canada 
balsam. The edge, A, of the inverting interferom- 
eter prism should be relatively sharp to avoid 
obstructing the light from along the line of inversion, 
which coincides with the dividing plane of the prism. 
These prisms were adjusted to introduce a wedge 
between the two component wave fronts so that when 
perfect optical systems are tested, the fringes are 
straight and perpendicular to the dividing plane of 
prism. This permits the use of convenient fringe 
widths when testing nearly perfect systems. With- 
out this wedge the photograph of figure 5,b, would 
have shown one broad, fluffed-out fringe that would 
have been difficult to measure. 

The beam-dividing surfaces of these experimental 
prisms were too thin to produce equally intense com- 
ponent beams. This accounts for the low contrast 
in the Moiré fringes of figure 3. The ratio of trans- 
mission to reflection is not critical in prisms to be 
used as inverting interferometers because each beam 
suffers one transmission and one reflection and, after 
recombination, they will always be equally intense. 
However, when used as shown in figure 1, one beam 
suffers two transmissions and the other, two reflec- 
tions. To obtain equal transmission and reflection, 
after the prisms are cemented with Canada balsam, 
the reflectivity should approximate three times the 
transmission when tested at normal incidence and 
with air-glass as the mediums. 


7. Conclusions 


The interferometer has proved itself quite practical 
for laboratory test of lenses, mirrors, and combina- 
tions of these during figuring operations. It has 
been used to test parabolic, elliptical, and spherical 
mirrors. These operations are performed with 
remarkable simplicity. As yet, no test has been 
made of a telescope when using a celestial star as 
source. This test, however, is believed to be quite 
simple. 
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Spectral Absorbance of Some Aqueous Solutions 


in the Range 


10° to 40°C 


Elizabeth E. Sager and Fleur C. Byers 


The eff 
the visible 
tures us¢ d were 


10°, 25°, and 40° C. 


ranges was determined for several compounds in aqueous solution. 
The materials used as solutes included both inorganic 


ct of temperature upon the absorption spectra in the ultraviolet and part of 


Tempera- 


and organic compounds, namely, potassium nitrate, potassium dichromate, diphenylsulfone, 


diphenyl phosphate, 


1,4’-diaminobenzophenone, 


and m-cresolsulfonphthalein. As _ the 


temperature was decreased there was an increase in maximum absorbance of all compounds 


except in the case of diphenyl phosphate, the behavior of which was anomalous. 


shift of the 


temperature should be controlled within 
obtained within 0.5 percent, 
eXTeNSIVE 


cients will hold for the specified wavelengths only under specified conditions. 


guide the te mperature should be controlled to 


1. Introduction 


It is well known that the absorption spectra of 
both organic and inorganic compounds are affected 
by temperature changes. Too little attention has 
been given, however, to the extent of these changes. 

Among the early workers who studied the effect of 
temperature upon the absorption spectra of solutions 
were Jones and Guy and their co-workers [1].'. They 
gave a great deal of attention to the behavior of 
solutions of the rare-earth and other metallic salts 
in the ultraviolet, visible, and near infrared spectral 
at temperatures between 20° and 200° F 
to 93.3° C Lewis and Calvin [2] reported 
the results of studies of compounds in ether-alcohol 
mixtures at very low temperatures. Haupt [3] 
recently determined the absorption spectrum. of 
potassium dichromate in an aqueous solution at 25° 
and 50° C, and suggested that it be used as a cali- 
bration standard for spectrophotometers. Yar- 
borough, Haskin, and Lambdin [4] also made spec- 
trophotometric measurements on several organic 
compounds in methanol and iso-octane at different 
temperatures and determined temperature coeffi- 
cent over a limited range. Sager and Siewers [5] 
reported absorbance values, dissociation constants, 
and related thermodynamic properties of some or- 
ganic bases derived from spectrophotometric meas- 
wements at temperatures from 10° to 40° C 

The purpose of the present work was to determine 
whether or not a general pattern of spectral absorp- 
tion behavior could be predicted for certain classes 
of chemical compounds in solution. A few materials 
were selected and their absorbance was compared 
over a range of temperatures from 10° to 40° C. 
[wo inorganic materials of high purity were chosen, 
lamely, potassium nitrate and potassium dichro- 
mate. The four organic compounds studied were of 
relatively simple structure. They were diphenyl- 
sulfone, diphenyl phosphate, 4,4’-diaminobenzophe- 
hone, and m-cresolsulfonphthalein. Spectrophoto- 


ranges 


metric Measurements were made of all of these 
Figures in brackets indicate the literature references at the end of this paper 


4007090 


absorbance curves also occurred. 
temperature Was not linear in the temperature range investigated. 
+2 deg C 
Temperature coefficients for an individual compound require 
ibsorption measurements of that compound in known media, and such coeffi- 


57 3 33 


A slight 
The relationship between absorbance and 
The results showed that 
if molar absorbance values are to be 


As a general 
+-0.5 deg C, 


materials in the ultraviolet from 210 my through 400 
my. For m-cresolsulfonphthalein, which is a hy- 
drogen-ion indicator, measurements were extended 
to 670 mu in the visible range. 


2. Equipment 

A model DU Beckman spectrophotometer was 
fitted with a constant-temperature cell compartment 
of our own design, described earlier [5], and water 
was circulated through the walls, top, and bottom 
from a thermostated water-bath. The cell compart- 
ment holds two cylindrical absorption cells equipped 
with removable quartz end-plates of 38-mm diam- 
eter. The depth of layer of solution used in these 
studies was confined to 1 cm. After equilibrium 
was reached, temperatures within the compartment 
did not vary more than +0.2 deg at 10° and at 40° 
C, and less than +0.1 deg at 25° C, as measured by 
a thermometer inserted through the top of the com- 
partment box to an air space above the cells. 


3. Materials 

Potassium nitrate, reagent grade, was recrystal- 
lized twice from distilled water and dried in an oven 
at 110° for 24 hr. 

Potassium dichromate, NBS Standard Sample 136, 
was used without further purification or drying. 

Diphenyl phosphate was synthesized by A. A. 
Maryott of the Physical Chemistry Section. It was 
recrystallized twice from ethyl alcohol and water, 
dried in a vacuum oven at 50° C, and kept in a 
desiccator until used. The melting point was deter- 
mined as 69° to 70° C. 

Diphenylsulfone was obtained from Eastman 
Kodak Co. It was recrystallized once from ethyl 
alcoho] and again from benzene. The melting point 
was 128° to 129° C. 

4, ,’-Diam inoben -o phe none was obtained from EKast- 
man Kodak Co. and was recrystallized twice from 
ethyl alcohol and water. It melted at 236° to 239° C. 

m-Cresolsulfonphthalein was especially prepared 
for this laboratory several years ago by W. A. Taylor 
& Sons of Baltimore, Md., for studies of ionization 
constants of indicators. It is difficult to synthesize 








a pure indicator or dye, but analyses for carbon, 
hydrogen, and sulfur showed it to be of much greater 
purity than the usual commercial product. 


4. Procedure 


Stock solutions of each compound were prepared 
at 25° C with conductivity water. Further dilutions 
for the spectrophotometric measurements were made 
by volumetric procedures with conductivity water, 
or in cases where it was to control the 
hvdrogen-ion concentration, dilutions were made 
with acid, base, or buffers. 

Before and after each series of observations the 
absorption cells were calibrated over the spectral 
range of the absorbing compound, using water in 
both the solvent and the solution cell. It was 
usually possible to complete observations on 1 com- 
pound within 1 dav when the following sequence of 
temperatures was used: 25°, 10°, 25°, 40°, and 25 
The three sets of readings at 25° gave assurance 
that no changes had occurred in the solutions during 
the changing of the temperatures. <A period of 30 
min was allowed for attainment of equilibrium after 
the desired temperature was reached 

All results were verified by a second set of observa- 
tions on freshly prepared solutions. In the case of 
diphenyl phosphate, 6 series were made: 
water, | series in acid, another in phosphate buffer, 
and another in sodium hydroxide solution. 


hecessary 


. : : 
» series li 


5. Calculation of Molar Absorbance 
Values 


The law of absorption states that, at any given 
wavelength, 


e=A/bM, (1) 
where ¢ is the molar absorbance of the compound in 
solution ? (often called extinction coefficient), A is 


the absorbance of the sample logio of the trans- 
mittancy), 6 is the thickness of the layer of solution 
in centimeters, and .VW/ is the molarity of the solution. 

The depth of the solution, which is limited by the 
length of the absorption cell between the end-plates, 
is not changed significantly by temperature changes 
between 10° and 40° C and can be considered 
constant. The relationship between the molarity 
at the temperature at which the solution is prepared, 
M,, and the molarity at a different temperature, 
M,, is 


M,=M(dy/d,), (2) 


where d. and d, are the corresponding densities. 
The data on densities were taken from the tables 
in International Critical Tables, volume III, p. 54, 
79, and 89. 

6. Presentation of Data 


The curves in figures 1 to 6. inclusive, show the 
molar absorbances of each solute in the respective 


solvent as a function of wavelength. The com- 
positions and densities of the solutions are shown 
in table 1. 

2 «is used in this paper as t bol for molar al y 3 
previous papers- 
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7. Discussion 


In general, aqueous solutions of the compounds 
studied here show an increase in maximum absorb- 
ance as the temperature is decreased, with an accom- 
panying slight shift in the spectral absorption 
curves. The one exception is diphenyl phosphate 
which shows a reverse behavior; that is, the maximum 
absorbance decreases as the temperature decreases. 
That the conduct of this compound is anomalous 
was verified by extensive additional absorption data 
for the compound not only in water but in hydro- 
chloric acid, in phosphate buffer, and in sodium 
hydroxide solution. The same order of change in 
the absorbance of diphenyl phosphate held at the 
different temperatures regardless of the dissolving 
medium. 

In any case, it is obvious that the extent of change 
in absorbance with change in temperature depends 
upon the selected wavelength, the largest differences 
occurring near wavelengths of maximum absorption. 
Previous workers have found a linear relationship 
between absorbance values and temperature [3,4]. 
The results reported here do not show a linear rela- 
tionship, however. 

It would undoubtedly be helpful if observations 
could be extended further into the ultraviolet region 
of the spectrum. One is dealing at best with only a 
partial spectrum due to experimental limitations of 
the spectrophotometer and to the fact that aqueous 
media themselves absorb at lower wavelengths. 
With extended data in the ultraviolet range, a com- 
parison of the areas under the absorption curves at 
different temperatures might be of value. 


Because the density of the medium in which 9 
compound is dissolved changes slightly as the tem. 
perature changes, thereby changing the concentra. 
tion of the solution under observation, the tempera- 
ture of the solution should always be stated and 
taken into consideration when calculating mola; 
absorbance values. Errors introduced by = sligh; 
fluctuations in room temperature while making 
measurements are probably negligible in mueh 
qualitative work. However, in using spectral ab- 
sorption data for the determination of molar absorb. 
ance values, for calculations of any thermodynam( 
properties, or for analytical or quantitative work of 
high precision, the temperature should always be 
controlled. , 

Temperature coefficients for an individual com- 
pound require extensive absorption measurements 
of that compound in known media, and such coeffi- 
cients will hold for the specified wavelengths only 
under specified conditions. As a general guide the 
temperature should be controlled to +0.5 deg C, 
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and aluminum over a wide range 
the plates to be gray bodies introduces 
transfer rate 


of plate 


In cross-sectional heat flow through box beams typical of 
predominates 


that radiant-heat transfer 
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1. Introduction 


The current need for predicting thermal stresses 
and Gnermations in aireraft structures gives 
for determining the 


rise 


to a need transient temperature 
distribution in these structures. As the tempera- 
tures 1D a Structure —s ase, radiation becomes 


more important as a mode of heat transfer. 

In computing radiant-heat transfer, a conventional 
assumption — is that the materials involved are 
graybodies, i. e., have spectral emissivities that are 
independent * wavelength. However, for polished 
metallic surfaces, spectral emissivities generally vary 
with wavelength, as is indicated by theoretical rela- 
tionships for spectral emissivity of smooth-surfaced 
electrical conductors {1}? and by published experi- 
mental data [2 to 7] 

The of this investigation were 1) to 
determine the magnitude of error caused by assuming 
that certain metals and alloys are graybodies in 
computing heat-transfet for a range tem- 
peratures, temperature differences, and emissivities, 
and (2) compare the radiant-heat transfer rate 
with the conductive-heat transfer rate in a_ box 
beam for a range of temperatures and temperature 
differences for two structural metals of different 
emissivities and thermal conductivities. Gaseous 
heat transfer is neglected. 


pur pose Ss 


rates of 


Lo 


2. Symbols 


a Absorptivity 

€ | MLISSIVITY 

k=Thermal conductivity (Btu/hr ft °F 

\= Wavelength (microns 

qg=Heat transfer rate (Btu/hr ft 

(= Heat transfer per unit time (Btu/hr 

R=Ratio of radiant-heat transfer rate to conductive 


heat-transfer rate 
Kleetrical resistivity (ohm em 
¢=Stefan-Beoltzmann constant 0.1713 10-3 Btu/ft 
hr Ri 
t= Temperature (°C or °I 


T=Temperature (°R 
u= Micron (0.0001 em 
W=Radiant flux density of 


a blackbody (Btu/hr ft 


This work was conducted at tl National Bureau of Standards under the 
of the Otlice of Naval we <A 
it the end of this paper 


an error 
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heat transfer rates between infinite parallel plates were computed for Inconel 
temperatures 


fesults indicate that assuming 
of 2 to 29 percent in the computed heat- 
structures, it 
significant 


was 
in 


aircraft 
and 


in Inconel beams is 


SUBSCRIPTS 
b=Black body 


‘ Conductive 

h==Hemispherical 

A\=Spectral 

0 = Normal 

r= Radiant 

t= Total 

| =Hotter of two parallel surfaces involved in radiant 
heat exchange 

2=Cooler of two parallel surfaces involved in radiant 
heat exchange 


3. Computations 
3.1. Materials 


Computations were limited to appropriate mate- 
rials for which the infrared spectral-emissivity curves 
are available in the literature. Such curves are 
presented in figure | for 99.6-percent-pure aluminum 
[7] and for Inconel [6]. 

3.2. Structure 

The structure analyzed was a box beam with two 
opposite walls at different uniform temperatures. 
The other two walls were assumed to be perfect 
reflectors with identical temperature distributions. 


Two beams were considered, one relatively thin- 
walled and one relatively thick-walled (see sketch, 
table 
4. Method of Analysis 
For internal radiant-heat transfer the box beam 


described is obviously equivalent to a pair of infinite 
parallel planes with temperatures equal to the box- 
beam wall temperatures. 

In order to cover the entire wave band over which 
significant rediant-energy exchange occurs, values of 
e beyond the expe ‘imental wavelength ranges [6 
and 7] in figure 1 were obtained by extrapolation. 
The wave bands used in the computations were: for 


aluminum from A=0 to A=25 yu, and for Inconel 
from A=0 to A=15 w. For all cases considered, at 
least 95 percent of the emitted radiant energy is 


within these wavelength ranges. The proportion of 
this emitted radiant energy within the wave bands 
in which the experimental values of e were determined 
ranges roughly from 65 to 85 percent. 






































0 pron lo approximate the values Of &» outside the range 
t 3 of experimental determinations, €») Was extrapolated 
. . 2 linearly for Inconel. For aluminum, e » was takey 
8 v ¢ as constant in the shorter wavelength range. Rel- 
. pppoe atively very little energy is emitted by the alum. 
- o Be inum in this wavelength range.) For the longer | fro 
= x rte wavelengths, € Was assumed to vary inversely with | 
Ww 3.6 ’ ry . . oa 
= yA [1]. The extrapolated values are shown in alu 
Ww heure 1. val 
a , ; bet 
x 04 4.1. Computation of Radiant-Heat Transfer, Inc 
. 
a Using Graybody Assumption sur 
a 
; met 
: In this case, the heat-transfer rate was computed | jnsi 
‘ » . . ° » . > . Lis 
a ‘ from the formula given in reference [8] for net heat | ond 
— ae exchange between infinite parallel grav planes, se 
} ww ROS 8 5 ot ccc AAs Be ; 
ae be l was 
2 g é 24 dro i i i 
WAVELENGTH, MICRON €1y) €21) 42 
F To compute €, €m@ Was first computed from the 
‘Te t . apectre 1orime emiss fies of 0 he nis , . J ° . 
IGURE 1] f ; . rs ed 1 / ’ . measured values of e, for aluminum and Ineon 
and as-rotlet neone . > r ‘ : = 
(fig. | by use of the relationship | 
tion 
net 
? fo 
TABLE 1 Ratio. R. of radiant-heat transfer rate. dr, to conductive-heal transte Fin 
for thin-walled and thick-walled beams 
For 
" Eck 
a twee 
(VERTICAL WALLS ARE pute 
iad PERFECT REFLECTORS) a 
a™ 
o equi 
T, 
} — sr 
— > } twee 
: = ; Warp 
2 tion 
h— a — , banc 
i \=—] 
} 
M proj } 43. 
| 
I ‘ ¢ W 
have 
‘ 63 trans 
} Fh ( ( 
| "4 TL in 9 
mee : a mo; 2 4 | | oe 
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" j 15.9 1. OM 1 54 1 l 
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on | is. 9 cnn TT uy "0 1.¢ ; taken 
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range -| « Wino UXT € Won XT 2) | measure of the relative importance of radiant and 
lated 4 l oT . i ol “/ | conductive heat transfer in a box beam: 
oO | 
taken T 
(Rel- PR 2, q-la dr b (R\ 
? . . rry . . ryy i ’ ‘ 
ilum- Values of W6\h/o 7° as a function of AT were taken | Sse yt t. 2k(t,—te) r 
Onger | from table | of reference [9] and substituted in eq _ h 
with | (2), which was then integrated numerically. For lens 
Z), ; : re 
n jn | alummum, \ alues of én were . obtained from €0 /=length of beam (ft) 
values by use of Schmidt and Eckert’s relationship - ; , 
) CTL Ex and €,,/€« for smooth-surfaced metals 1}. : P ° : , 
hetwee ; ' ; | a=width of radiating surface (ft), 
4 Inconel (0.44<em<0.690), which forms an oxide 
eirface laver on heating, was assumed to be inter- . . 
urface ' c=ra=thickness of each conducting wall (ft), 
mediate between an electrical conductor and an 
uted nsulator. The ratio €,,/€~ should lie between 0.95 . _— 
P = hee re li]: on take ob camel “oli 5=distance between radiating wall surfaces 
lea and 1.05 [1]; €m Was taken as equal to €». Appro- (ft). 
priate values of €,, were substituted in eq (1), which 
was then solved for  r- 
5. Results 
4.2. Computation of Radiant-Heat Transfer Rate : ’ 
a tl Rien Values of g, computed from the actual spectral 
aia emissivities, values of g, computed from total emis- 
Taking @ €, and summing the series of reflec- sivities, using a gravbody assumption, and the per- 
tions back and forth between planes 1 and 2 for the centage difference between corresponding values are 
= 2 : iy : wz isted } , -A Fg > recnectivelyv f ,9 
net radiant-heat transfer rate from plane 1 to plane — ‘~ or grees +, 5, and 6, re ee live ly, 01 table 2. 
2 for monochromatic radiation, g,, gives le high temperatures” for aluminum were In- 
tended to give an upper limit for the effect of radiant- 
heat transfer. 
gal(Woaxn) r= 7, — Wor) r= 7] . 3) 
. . l €1d\n 7 l €o\A l mn ’ , 
PaBLE 2. Computed radiant-heat flow rate, q,, between infinite 
: , , . , yarallel plates at temperatures t; and te 
For aluminum, «, Was computed from Schmidt and , , : . 
| Eckert’s relationships between eo and r,/dA, and be- 
' tween r./AX and e, [1]. Values of W,), were com- Material t fi-t q ‘dr a 
puted from table 1 of [9]. For Inconel, because e 
| én ~€, It follows that ee», and e, was taken as , 2 . : ; 
equal to eo. ( C | Btujhr fe | Btujh 
pty . Stu/hr ft? stuj/hr ft? o 
lo compute the radiant-heat transfer rate be- 100) 100 97 95 2 
} tween planes | and 2, the appropriate values of | I oo a . 
Ws, and €, were substituted in eq (3) and the equa- a 600 100 a1 280 17 
. . 600 200 5 385 ) 
tion was then integrated numerically over the wave 600 300 548 183 12 
| band A=0 to A=25 uw for aluminum and A=0 to 00 100 796 543 95 
f h 15 m for Inconel. 500) 100 1, 250 973 22 
SOO) 200 1, GSO 1, 460 26 
} 600 100 1, GSO 1, 500 “20 
; : | 600 200 4, 240 2, 510 23 
43. Computation of Conductive-Heat Transfer Rate etal } G00 300 3, 970 2” $80 27 
; CUE S00 100 4,140 3, 540 l 
} : SOO) 300 4,110 7, 320 24 
Walls l and 2 ol the box beam were assumed to = ae M1, O90 7, 820 = 
, 2 ° : ° rr 000 00 7, 660 6, 780 2 
have uniform temperature distributions. The heat 1" 000 300 17, 900 15, 000 16 
| 
transfer per hour was computed from — _ nas ne - 
F t,) » Computed from spectral emissivity ’ Computed from total emissivity, 
A LkA~— j —y (4) 
} ° » ° . . 
Ratios of radiant-heat transfer rate to conductive- 
wh sg) . . . 7 
wa ais ( ; heat transfer rate are listed in table 1 for a box beam 
| Bt fhr), leat transfer per unit time | in which all radiant-heat transfer is between the 
¥ wld. | : acti horizontal walls, and all conductive-heat transfer 
; y tota 1 — tiona area of con ucting ‘s in the vertical walls. Column 7 of the table lists 
i liste : . liati I] ratios of radiant-heat transfer to conductive-heat 
- “Ct). vetween radiating wall surlaces | transfer, 2, times dimension ratio, 7/b, where re/a 
‘). is the ratio of vertical-wall thickness to horizontal- 


Values of k, taken from reference [8] for aluminum | wall width, and 6 is the distance between horizontal- 
and from reference [10] for Inconel, are listed in col- | wall surfaces. Values of FR for a box beam with 
umn 3 of table 1. The values of k used in eq (4) are | c/a==0.01 and b=1 ft are listed in column 8 of table 1, 

) taken at the temperature 1/2(t;+4). and values of PR for a box beam with c/a=0.03 and 

Values of the ratio R=Q,/Q.=q,/q- were used as a | 61/3 ft are listed in column 9. 
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6. Discussion 

The shapes of the spectral-emissivity curves 
fig. 1) for aluminum and Inconel differ widely; 
Inconel the curve decreases linearly with increasing 
wavelength. DeCorso and Coit [6] state that the 
spectral emissivity of Inconel should not vary with 
temperature if the surface condition is maintained. 
For aluminum the curve gray body 
emissivity for \>2.5 uw, and is temperature dependent. 
The effect of ¢,. (t,—t,), and € on the size of the error 
that is caused by assuming the materials are gray- 
bodies when computing radiant-heat flow rates 
dependent on the shape of the spectral-emissivity 
eurve. For aluminum the _ error with 
increasing ¢, and with decreasing § (f,—f For 
Inconel, with greater e (and therefore a) than alumi- 
num, the error is greater than in aluminum and in- 
creases with decreasing, and with increasing (t, —f 

For aluminum and those materials that approach 
graybodies for the longer wavelengths, the graybody 
assumption may be used when the proportion of 
energy radiated at the shorter wavelengths is small. 
Pure aluminum appears to act like a graybody when 
its radiating surfaces are at temperatures lower than 
400° C. Due to the paucity of spectral-emissivity 
data, it is not known whether or not pure aluminum 
and Inconel have e curves typical of other aircraft 
structural materials 

The total emissivity of a material depends more 
on its surface condition, history of heating, oxidation, 
cleanliness of surface, and wetness than on its chemi- 
cal composition. For example, Hase [7] gives the 
following values of « (and therefore a.) for pure 
aluminum at 400° C for various surface conditions 
at A=2: Sandblasted, 0.63; dull, 0.29; polished, 0.17. 
For Inconel, DeCorso and Coit [6] give the following 
values of €, at 1,000° F after various periods of heat- 
ing: Initial, 0.28; after 15 min at 1,500° F, 0.53: 
after 30 min at 1,800° F, 0.62: after 135 min at 2.000 
F. 0.80 It follows that 
the error in predicting g, due to the error in the 
value of « may be greater than the error due to use 
of a graybody assumption for nongray materials 

The beams chosen for analysis are common to 
many aireraft structures. Radiant-heat transfer 
will have its greatest value for this tvpe of geometri- 
cal configuration and will be independent of the 
distance between the radiating walls. Because the 
quantity of energy radiated from a body varies as 
the fourth power of the absolute temperature of the 
body, whereas the quantity of energy conducted in a 
body depends on the temperature gradient, the ratio 
of radiant- to conductive-heat transfer rate, G+/e. 
must be greatest for high temperatures. For box 
beams of the same geometry, q,/¢. must increase 
with increasing ¢/k. The large differences between 
the q,/q. values for corresponding wall temperatures 
in aluminum and Inconel are due to the fact that e/k 
is comparatively small for aluminum and large for 
Inconel. With increasing temperature, ¢€,/k 
erally increases in the reasonable structure temper- 
ature range (see table 1 

For a given structure, the size of the error in com- 


See 


approaches 


Is 


increases 


for the cases considered, 


fen- 


for | 
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puted temperature distribution due to error in the 
computed radiant-heat transfer rate depends on the 


proportion of radiant-heat transfer to total heat | 


transfer. It would be greater for Inconel. With " 
large e/k ratio, than foraluminum, withasmall e/kratio. 
7. Conclusions 

The error due to assuming pure aluminum and 
Inconel are graybodies in computing the radiant. 
heat transfer between infinite parallel plates of these 
materials over a wide range of temperatures and 
temperature differences varies from 2 to 29 percent 


An error of this magnitude might also be encountered | 


in determining the emissivity of a given material 
because of the large variation in e with surface con 
ditions. The size of the error for given plate tem. 
peratures and emissivities depends on the shape of 
the spectral-emissivity curve. Lack of spectral 
emissivity data makes it difficult to determine the 
error for other aircraft materials. 

There a need for determination of spectral 
hemispherical emissivities of aircraft’ materials at 
various temperatures and for various surface con. 
ditions. 

The ratio of radiant-heat transfer to conductive. 
heat transfer in a pure aluminum box beam (in the 
absence of gaseous heat transfer) ranges from 
0.19 to 0.54 for a thin-walled beam and from 0,02) 
to 0.06 for a thick-walled beam over a range of hot- 
wall temperatures from 400° to 600° C and a range of 
wall-temperature differences from 100° to 300° € 
For an Inconel box beam the corresponding ratios 
are: thin-walled, 19 and 154; thick-walled, 2.10 and 
17.1, 
100° to 1,000° C and a range of wall-temperatun 
differences of 100° to 500° C These results fora 
particular box beam indicate that radiant-heat 
transfer predominates for Inconel structures and js 
significant for thin-walled aluminum structures, at 
elevated temperatures. 
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mM the | . 
hu Wavelengths From Iron-Halide Lamps 
vith q 
‘ratio, } Robert W. Stanley and William F. Meggers 
n and The history of secondary standards of wavelength for spectroscopic measurements is 
diant. briefly reviewed. The present system of international secondary standards is based on inter- 
ferometer determinations of wavelengths emitted by an electric arc between iron electrodes 
these at atmospheric pressure; their uncertainty is of the order of 1 part in 3 million. It is shown 
S and that iron lines obtained from an electrodeless lamp, containing a minute amount of iron 
‘reent bromide, permit higher accuracy of wavelength measurement. The wavelengths of 103 
ntered | radiations from such a lamp have been measured with Fabry-Perot interferometers. They 
terial range from 2954 8031 to 1064 7414 \, and calculated probable errors, as well as atomic- 
energy intervals, indicate that the relative values are uncertain by only 1 part in 7 or 8 
e€ con million 
* tem- 
ape of l. Introduction In 1905 the International Union for Cooperation 
ectral in Solar Research [4] proposed that a primary stand- 
le the For nearly 70 years the electric are between iron | ard of wavelength be adopted, and that secondary 
' electrodes has served as a source of standard wave- | standards at 50—A intervals in the are spectrum of 
ectral jengths for spectroscopic measurements. During | iron be determined by the interference method 
als at this time many efforts were made to improve the | devised by Fabry and Perot. In 1907 the Union 
 COn- | precision and extend the spectral range of these | adopted [5] as the primary standard 6438.4696 A, 
standards. These efforts will be briefly reviewed | the wavelength of red radiation from cadmium 
ctive- pecause they justify the determination of wave- | measured relative to the meter by Benoit, Fabry, 
in the lengths from iron-halide lamps to be described in the | and Perot, and in 1910 the Union adopted [6] 49 
from , present paper. secondary standards ranging from 4282.408 to 
0.021 In 1888 Kayser and Runge [1]! adopted the are | 6494.993 A, the values being the means of three 
Mf hot-| spectrum of iron as a scale of wavelengths for the | independent, concordant determinations. 
ngeol} measurement of other spectra; they published the After World War I, responsibility for secondary 
0" C) first useful atlas of the iron-are spectrum and de- | standards of wavelength was assumed by the Inter- 
ratios | termined the relative wavelengths of about 4,500 lines | national Astronomical Union, which, in 1922, 
Q and; ranging from 2230.01 to 6750.36 A. These wave- | adopted [7] 80 iron wavelengths ranging from 
from | lengths were based on Rowland’s Atlas of the Solar | 3370.789 to 6750.163 A. Wavelengths from iron 
rature} Spectrum, but most of the values were obtained by | ares measured before 1921 suggested that some of 
lor’} interpolation or extrapolation in normal spectra from | the values were sensitive to operating conditions, 
t-heat} concave diffraction gratings. In fact, excepting the | which led to a precise specification [7; of the light 
ane 8} absolute measurement of three cadmium wave- | source. “In order to obtain lines of constant 
es, a} lengths by Michelson, all determinations of standard | wavelength, constant intensity distribution, and 
| wavelengths prior to 1902 were made with diffraction | adapted to high orders of interference, the adoption 
gratings by measuring grating spacing, diffraction | is recommended of the Pfund are operated between 
> (Jon { angles, and overlapping spectral orders. 110 and 250 volts, with 5 amperes or less, at a length 
, A new era of standards began in 1902 when a | of 12-15 millimeters used over a central zone at 
im ' simpler method, capable of greater accuracy in | right angles to the axis of the arc, not to exceed 1—1.5 
. comparing wavelengths, was conceived by Fabry and | millimeters in width, and with an iron rod 6-7 
en \ Perot [2]; it is based upon the fact that the double | millimeters in diameter as the upper pole and a bead 
ysik 1, distance between two plane and parallel inter- | of oxide of iron as the lower pole. As the secondary 
ferometer plates may be expressed as the product of | standards to the red of \ 6000 are all stable lines, and 
irare, any wavelength and its order of interference. Thus, | as exposures with the above mentioned are may be 
ractee, the ratio of any two wavelengths is given by the | rather long, it is recommended that the 6 mm, 
t. S| inverse ratio of their orders. Fabry and Perot |2] | 6 ampere are be retained for this region.’’ When 
| pointed out that the relative wavelengths obtained | the wavelengths emitted by this specified iron are 
"Pane | from such interference patterns have relative errors | were remeasured they were found to have slightly 
h. Pa,| dependent only on the orders of interference, and | smaller values than the 1922 standards. In 1928, 
with infinitely sharp lines one could increase the | new values were adopted for 235 iron standards [8] 
Legit: } precision indefinitely by increasing the orders of | ranging from 3370.787 to 6677.993 A, and in 1938 
«| interference. In practice these orders are always | the number was increased [9} to 306 and the range 
vy | limited by the actual widths of spectral lines; indeed, | extended to 2447.708 A. Individual values of iron 
the Fabry-Perot interferometer was shown by | wavelengths from 2100.794 to 10216.351 A had been 
ypplie | Buisson and Fabry [3] to be an ideal instrument for | reported, but further progress was interrupted by 
r , measuring spectral line widths, or coherence limits of | World War Il. However, in recent years additional 
‘\iart| Spectral radiations. measurements were made, so that by 1955 [10] the 


4l 


means of three or more concordant determinations 


existed for 575 iron lines between 2501.133 and 








9372.904 A. It required more than half a century 
to accumulate these measurements of wavelengths 
emitted by the standard iron ares, and it is not likely 
that any more will be made, because spectroscopy 
now needs standards of higher precision 

The present international iron-are standards can- 
not be measured with higher accuracy because they 
are too wide. Their width is due mainly to Doppler- 
effect produced by very high temperature (~6,500 
K). Furthermore, collision broadening and pressure 
shifts are present because the are is operated at at- 
mospheric pressure. The interference patterns de- 
teriorate with orders exceeding about 50,000, and 
most of the standards have been measured with 
orders of 20,000 to 30,000. The only practical way 
to improve the iron standards is to replace the high- 
temperature are in air by sources operating at lower 
temperatures and pressures. In 1928 the Ll. A. U 
[8] recommended “that vacuum-are and furnace 
spectra be investigated carefully to determine if their 
use will improve the system of secondary standards.”’ 

No interference measurements of wavelengths have 
ever been made of iron lines emitted by a low-pressure 
furnace, but Burns and Walters [11] have made many 
such measurements of lines excited in inclosed ares 
operated at low pressures (~4 em Hg). The vacuum 
are of iron has never found favor with the I. A. U 
[12], partly because of its inconvenience, and also 
because there was no conclusive proof that any sub- 
stantial gain in accuracy of standard wavelengths 
would ensue by substituting the vacuum are for the 
standard Pfund are in air. Now it must be admitted 
that, excepting a reduction in pressure shifts and a 
slight gain in line sharpness, iron lines from a vacuum 
are or evacuated furnace are still handicapped by 
large Doppler widths that limit the accuracy of 
measurement 

In 1939 Williams and Middleton [13] proposed that 
a water-cooled iron hollow cathode (Schiiler lamp 
containing helium be considered as a superior source 
of secondary standards of wavelength. The vacuum 
wavelengths of 47 iron lines (3286.7508 to 5371.4905 
A) were measured with a reflection echelon of 40 
plates, each 6.87 mm thick, so that the orders of 
interference ranged from 26,000 to 42,000. Because 
an inclosed iron are, at reduced pressure, was re- 
garded as too inconvenient for general use, the 
I. A. U. could not be expected to favor a more cum- 
bersome source that required water cooling in addi- 
tion to evacuation, and continuous circulation and 
purification of helium gas. 

In 1955, a more convenient hollow iron cathode 
source was described by Crosswhite, Dieke, and 
Legagneur [14]. This source is exhausted, then filled 
with 3-mm (Hg) pressure of pure neon, and sealed 
off with a side tube containing activated uranium 
to absorb gaseous impurities. The wavelengths 
of 189 iron lines between 3570.0964 and 5709.3780 
A have been measured with 5- and 15-mm etalons 
by Stanley and Dieke [15]. 

Unfortunately, the advocates of hollow-iron cath- 
ode sources did not indicate exactly how much gain 
in line sharpness and precision of wavelength meas- 
urement could be expected, and, although the wave- 
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lengths were reported to eight figures, the lines wer, 
not deliberately chosen to apply the combinatig, 
principle as a general test of relative accuracy, _ 


Recently a third type of iron source has bee, ! 


described by Corliss. Bozman, and Westfall [16] 
who prepared electrodeless metal-halide lamps by 
distilling a minute amount of volatile salt in an 
evacuated quartz tube, admitting 2 mm (Hg) of 
argon, and then sealing them off. Such lamps com 
taining either iron chloride or iron bromide, whep 
excited at ultra-high frequency (2.450 Me . emit the 
iron spectrum with intensity comparable to the 
Pfund are and with less than half the line width 
Because these lamps operate at a low pressure, and 
a temperature below 800° K, the iron lines produgg 
good interference patterns at 2 to 4 times the order 
of interference possible with the iron arc. Whereas 
the secondary standards of wavelength from the 
iron are were measured mostly with orders of 20,00 
to 50,000 these wavelengths can be measured from 
electrodeless lamps with orders in excess of 150,000, 

The purpose of this paper is to demonstrate that 
a substantial gain in accuracy of standard waye 
lengths would ensue by substituting an electrodelesg 
iron-halide lamp for the standard Pfund are. The 
proof of increased accuracy is found in the improved 


; 


~~ 


constancy of spectral term intervals as shown by; 


iron lines involving the two low-energy terms, 
a°D and a°*F of Fet. 


2. Light Sources 


The iron source used in this investigation was an 
electrodeless discharge tube prepared by CU. B. Corliss 
[16]. This lamp consists of a tube of Vycor contain- 
ing a few milligrams of FeBr; and helium gas ata 
pressure of 2mm of Hg. The discharge was excite 
at a frequency of 2,450 Me obtained from a commer 
cial diathermy generator. Upon first lighting the 
tube, the helium spectrum appears. This is quickly 
followed by the bromine spectrum. After a warmip 
period of 15 to 60 see. the iron spectrum become 
very bright and the helium and bromine spectt 
virtually disappear. 

The source of primary standards was an NBS 
Meggers Hg'® Jamp [17]. The lamp used contained 
argon at a pressure of approximately 3 mm of Hg 
The He' tube was also excited at 2,450 Me and wit 
cooled at all times by a stream of air from a small 
blower. 


3. Experimental Method 


The interference spectrograms were obtained & 
means of a Fabry-Perot interferometer used im coe 
junction with a 21-ft spectrograph in the Wadswortl 
mounting with reciprocal dispersion of 5 A/mmii 
the first order. The optical arrangement was thi 
usually employed in which the interferometer B 
mounted in a parallel beam outside the spectrograph. 
In every case both sources were photographed 
simultaneously, and radiation from both souret 
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traveled along the same path through interferometé | 


and spectrograph. The He'* lamp and the 1 


3609 


Wer 
1atioy 
- o 
bee 
tig, | | 
IS by 
in an | 
Z) of 
3 COM 
When 
it the 
> the 
idthg, | 
» and 
oduee 
orders 
Lereag | 
n the 
(0) 000 
from 
0) 008, | 
» that 
wave. 
delesg 
The 
roved | 
vn by 
terms, 


or Oo me nile ( one on are ane nercuru- Is 
{ ; a 
spect ra ) rit nati ai ti rea l ( Cc j-1 
i 


r nes marked 3650. 3655. and 3663 belong to mercury-198 
it bitte i il : 


as ul 


‘orliss 


ntain- 


S ali 
xciter 
nmer- 
ig the 
uickly 

irmup 

‘COMB | 
pect ; 


NBS | 
tained | 
f Hg. 
id was 


small 


» 


| 
ied by} 


n Con | 


is that 
‘ter B 
raph. 
raphed | 
nell ; tal ‘trogram of iron-bromide lamp and mercury-198. 
omete! ‘ Fal erot (25-mm etalon) spectrog 


1< 
F to mercury s 
I 1 he lime marked 364 +t nad 3663 bhelor t ercu l 
le Ire 1) | l ~ 


43 








lamp were placed on the optic axis with the iron 
lamp nearer the slit. A single lens was used to form 
an image of the Hg lamp inside the iron lamp. 
Radiation from both sources was rendered parallel 
by means of a condensing lens placed between the 
iron tube and the spectrograph. The Fabry-Perot 
interferometer was placed in this parallel beam, and 
the Haidinger fringes produced by the interferometer 
were focused onto the slit jaws by means of a quartz- 
fluorite achromat. With this arrangement, the two 
sources are also focused onto the slit. The accurate 
centering of the fringe pattern was accomplished by 
the usual autocollimation technique, using a light 
source at the mirror of the spectrograph. 

Because the Wadsworth mounting produces some 
astigmatism away from the grating normal, it was 
necessary to change the curvature of the plate holder 
to correspond to the horizontal focus rather than the 
vertical focus. The required curvature is less than 
that which produces sharp images of the spectrograph 
slit. With this adjustment, it is possible to obtain 
sharp fringe patterns over a distance of 16 to 20 in. 

Fabry-Perot interferograms were obtained in the 
spectral range 2950 to 4075A, using aluminized 
quartz plates, and plate separations of 20 or 25 mm. 
Some photographs were taken with a 15-mm sepa- 
rator t> aid in the determination of integral orders. 
However, the final wavelengths are based on only 
the 20- and 25-mm measurements. Several pho- 
tographs were obtained at each setting of the spectro- 
graph with varying exposures and with slight changes 
of the interferometer spacing. The interferometer 
was evacuated to less than 10°-° mm of Hg. The 
interferometer housing was insulated, and no change 
in the plate separation was observed during any 
exposure. The exposure times varied from 30 see to 
15 min, the average being 4 min. 

The reduction of the interferometer patterns was 
made from five diameters with the least squares 
calculation introduced by Rolt and Barrell [18]. 
The interference patterns were measured at the 
Bureau with the interference comparator designed by 
K. Burns [19], and at Clarkson College of Technology 
with a Gaertner traveling microscope especially 
adapted for the purpose. Sample spectrograms of 
the international iron are and of the iron-bromide 
lamp are reproduced in figures 1 and 

In the spectral range 2950 to 3400A, the Hg'® line 
of wavelength 3126.5763 A was used as primary 
standard both for the iron lines and the Hg lines that 
appeared on the plates. In the range 3400 to 4070A, 
the Hg" line of wavelength 3655.8805A was used as 
standard. All of the Hg lines that appeared with 
sufficient intensity and without serious interference 
from neighboring lines were measured along with the 
iron lines. The He'® lines that were measured are 
the following: 2968. 1501, 3022.3798. 3342.4422. 
3651.1967, 3664.3243, 4047.7144, and 4078.9891 A. 
All of the Hg ™ stan: Bo given above are vacuum 
wavelengths as produced by an NBS-Meggers Hg'™ 
lamp containing argon at a pressure of 3 mm of Hg 
and are obtained from Kessler and Meggers [20]. 
The dispersion of phase correction was also obtained 
from Kessler and Meggers, who had used the same 


44 


pair of plates in Hg'® measurements. After apply.| 
ing the dispersion of phase correction, the Measured] 
He'* wavelengths were found to be in excellen; 
agreement with the above-stated values. ) 
It has been found that small systematic discrep. 
ancies occur between the iron wavele oa 
from two different interferograms, in spite of ; 
efforts to eliminate the sources of such errors. It A 
believed that these syste matic differences are due tol 
the light from the two sources traveling slight h é 
different paths through the interferometer. Beeayg) 
the parallelism cannot be made perfect, the spacing 
2t will be slightly different for the two sources if they 
do not both fill the interferometer uniformly. — [fj } 
believed, however, that such systematic discrepan.| 
cies are eliminated from the final wavelengths 
which are based on several plates taken under 
different conditions. ‘| 5 


4. Results ; 


Mi 
im 


Table 1 gives the wavelengths of 103 iron lines he.| 3 
tween 2950 and 4070 A. The measurements q 
based on 2 to 10 interferograms with etalons of % 


and 25 mm. Each wavelength is followed by th 3 
number of observations and by the probable erro 

when four or more observations are available. 6) : 
the average, each line was measured between 5 and! 3 
times, and the average probable error is less than} 3 
0.0005 A; this is the reason for giving each way. 3 


length to four decimal places The average probab 
error in these wavelengths is thus 1 part in 7 millio 


ps | 3 
Che last column gives the air wavelength of each of! 2 
the measured lines. The index of refraction wa 3 


obtained from the data of Edlén [21] and divided int 
the measured vacuum wavelength to give the corn 2 
sponding wavelength in air 3 


The best available test of the consistency of wave-} 3 
length measurements is afforded by the combinatia 
principle. The present set of lines was chosen speci 
cally for the purpose of affording as many sw 3 
cheeks as possible. As has been pointed out befor/ 3 


[21], the combination principle is not useful for d . 
tecting a systematic error of the entire set of measur 

ments. Table 2 contains energy-level difference) 
obtained from the present vacuum wavelengths an 3 
for comparison, the corresponding energy-level di 
ferences obtained from the measured wavelengtl 


of the iron are inair. The iron-are lines that are us 3 
are only those that have been adopted as inte | 
national secondary standards, that is, the final mean 3 
of three (or more) independent and concordat) 2 
observers, each of whom measured the lines a lay 3! 
number of times. The uncertainty in these adopt 3: 
standards has been estimated to be of the order of i 
part in 3 million. , 2: 

Ninety-eight of the 103 lines in table 1 are pair} 3: 


in table 2 to show the intervals between successit| 
levels of the low-energy terms a°D and a °F of Ki 
The average departure of each measured interv 
from the mean value is slightly more than 0.0034 
which indicates that the average error in relati 
wave numbers is about 1 part in 8 million, or abe 
the same as the average probable error in relat 
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Wavenumber Wavenumber difference 








Line ( lassificat 
Klectrod less Are Klectrodeless Arc i! 
discharge air discharge air 
{ cn cn »” 
S825. 52RD ! ) ) yA | 0. 18 0. 18 A 
— D, | 2614 : ! 1s 115. 932 0. 95 
SS7 3827 8) 2) 25724 240 2 
; 3 ) 25899, 98 OS - 
S61. OO6: l 25 84 115. 928 O4 
5024. O22] ) 25484. 056 O4 
S680. 9608 D, | 27166. 820 SO) 115. 93 ' 
= ~ = e Yb 5 
I738. 1942 1D) | 26750. 884 87 ) 
2084. 4404 D D 507. 119 $15. 932 
3021. 0526 I) D 330901. 187 
S194. 1476 a | 31307. 257 115. 943 
$237. 1559 ! | KOSOL. 314 
ISS87. 3827 a ) ) 25724. 249 233 
os = | <0 4 <4 _— 288. O76 OS 
SU5t. 40900 a*p 1) 25436. 173 ) 
S684. 1026 a | 27143. 652 288. O79 
3723. 6219 a | 26855. 573 
441. 9751 D P 29053. O86 288. 067 
476. 4448 D P 28765. O19 
491. 5730 a‘*Dp P 28640. 386 PSS. O63 
3527. OATS a°*D P 28352. 323 
S021. 9526 a*Dp 1) 33001. 187 288. 067 
S048, 4905 a*p D 32803. 120 
2095. 3006 D 33385. 631 288. O70 
5021. 3707 a°D D 33097. 56 
2082. 3150 P 8530. 999 288. 075 
3008. 1588 ‘ 33242. 926 
3870, 6722 1 >*D—D 25775. 373 36 IS4. 19 1: 
S007. 5856 a°D D 25591. 250 23 = 
3723. 6219 26855. 573 5 
a> Sole ae” oe + IS4. 121 2 
3449. 3272 a | 266071. 45 4 
444. 8631 a P 20028. 730 71 1S4. 19 
5466. 8528 a P 2PRS44. 605 58 ated , 
3476. 4448 a*D P 28765. O19 IS4. 130 
S498, S415 a*D P 28580. S80 
3021. 3707 a‘Dp D 33097. 561 IS4. 12] 
3038. 2725 a ) D 32913. 440 
3001. 8229 a 3313. O91 IS4. 120 
S018. 5061 a D 33128. 971 
3008, 1588 a'°*p P 33242. 926 IS4. 128 
024. O134 a ) i 33058, 708 
3907. 5S5t f ) 2559 250 23 . 
4 4 ob ! | Do | - o() 2 80. O45 O4 
3921. 3679 a D 25501. 305 29) 
5734. 3787 a ) | 26778. 216 89. O40 
3746. 9636 a°*D | 26688. 276 
3466. 8528 a P 28844. 605 58 - 
2 mae . coin = SO. O47 4 
5477. 6974 a | 28754. 658 64 
SOLS. 5061 15D D 33128. O71 89. O42 
3026. 7234 a*Dp D 33039. 028 
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Wavenumber Wavenumber difference 
(Classification 
Klectrodeless Are in Kleetrodeless Are in 
discharge ail discharge air 
| cm como! cm cm! 
as POR ‘ 2*2 . 
2058. 2284 2 'D,—y 5 3804. O16 0. O1 89. 943 0.94 
2066. 1204 a®D a | 33714. O73 O7 
3821. 5002 a 5} ,°D 26167. 672 $48. 492 
IQRR LARD a °F, , 5D, 25719. L180 
SG88. 5059 ( ; 27 248 23 - 
US DUO I | j F, 27111 24 = 148 498 50 
3750. 5509 a 5F, , OF, 26662. 750 2 
7325 Y2H2 a 26767. 12 0 
a ee y *I 26707. 124 148. 491 .48 
200. aSYO a I, j | 26318 0.5.5 62 
5514. 8227 a °F 2 3G 28450. 937 148. 484 
5571. 1157 aor, z 3G 28002. 453 
3058. 3348 a °F D 32697. 532 148. 492 
,100. 8675 a °F, r *D, 32249. 040 
O00. 3863 a *} r 5] 33329. 042 148. 496 
S041. 3120 a 5F, | 32880. 546 
S826. V664 a 5F, ,5D 26130. 357 33 ee Onrk m 
pe Oras o4 sol. 205 2) 
S879. 117) a >] ,°D 25779. 062 O4 
wera, peiean 9 9 7F oe 
FOU oo a | ‘ j | ‘ — 400 i 25] 29] 29 
S800. 6254 a *] , 5F, 26311. 459 14 
s710. BOL] a *F,—y 5} 26951. 990 351. 297 
5759. 3006 a *} ; >] 26600. 693 
F920 287 : _3n 909 _— 
SO22 2608 a *R Cr, S550 ou 351. 298 . 28 
Sa06 +e | a l z Ca, 28030 502 . 49 
3068. 1352 a 5} 32593. OSS 351. 297 
3101. 5647 a >} 32241. 791 
2100. 8675 a >} 32249. 040 351. 299 
3135. O182 a >] 31897. 741 
3010. 4463 a 5F,—a2 5F, 33217. 666 351. 289 
3042. 6232 a 5} r 5F, 32866. 377 
2088. 1618 a >] | 53465. 390 351. 295 
3019. S621 a *] | 33114. O95 
S835. 3098 a *] ,°D 26073. 513 19 O57 724 _ 
~~ ~ - ’ or -- -- aot. 64 4 
S873. 5USS a >} / ) 25815. 780 Vi 
3006 a >} , *F 26600. 693 . 68 ORF 90 ar 
~ > 92°19 . - avi 124 ri) 
O793 a ot y oF 26342. 969 95 
728. 6787 aor jy >t 26819. 152 14 no TOR =o 
= ~ 9ene oC 9 “avi ‘ ) ia 
5764. SDS] a *] , >] 26561. 426 $2 
5076. 6129 a oF 32503. 277 257. 726 
3101. 2030 a 5} r 32245. 551 
JO190. S621 a oF r 5} 33114. 095 257. 722 
3043. 5496 a oF r 5F 32856. 373 
3003. 9057 a °F r 5} 33289. 993 257. 721 
3027. 3425 a *} r 5F 33032. 272 
: FOF , 9202 IE , 
S841. 5270 a *F /*D 260551 319 st 168. 925 94 
3866. 6187 a 5] ,5D 25862. 390 iy 
3873. 5985 aor ,>D 25815. 789 168. 943 
RROQ 1149 a oF, ,>oD 25646. 846 
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TABLI 2 Eneray level differences Continued 


Wavenumber Wavenumber difference 
Line Classificatior 
Klectrodeless Are i Klectrodeless \re 2 
discharge air discharge air 
} 
1 cr cn f ; cn 
3764. 8581 a *] y I 26561. 426 0. 42 168. 931 a. OF 
=~ — > ~ ap » bs 
3788. 9559 a 5} y 5} 26392. 495 17 , : 
rh 
3744. 4255 a *} y 5] 26706. 367 168. 932 
3768. 2617 a *] yj 5] 26537. 435 7 
s 
3588. 0074 a ®t z 5G 27870. 623 168. O36 q 
3609. 8885 a 5F,—25G 27701. 687 } (10 
PaBLeE 3. Comparison of wavelengths from the electrodeless wavelengths. This demonstrates that the waye.} 
amp and the hol ow-cathode discha é | . } ff: . . = an . 
engths of iron radiations from iron-halide lamps ea 


easily be measured with greater accuracy than thos 
from the international iron are 


Wavelength in air < - . . 
As a further illustration of the accuracy obtaine 


Difference from low-pressure iron sources, the wavelengths fro 
——— jess ee B.— HH. the electrodeless tube are compared to the wave. 
_ dieshorm lengths measured earlier by Stanley and Dieke [15 
in the hollow-cathode discharge. Table 3 contains 
the air wavelengths of all lines common to the two 
antilenes an ; 0 - , sets of measurements The hollow-cathode wave. 
8608. 8501 ~ R590 | lengths have been revised on account of refinements 
3618. 7676 . 7671 5 in the Hg'® standards that have been made sing 
363 1. 4652 O24 8 the hollow-cathode wavelengths were published. Thy 
anes. Saas os required corrections vary from —-0.0001 A at 3570 4 \ 
3679. 9131 9127 { to —0.0003 A at 4063 A. The average probabk 
3687. 4562 1558 { error for the 35 lines involved is 0.0005 A for tl 
3705 5660 9696 t electrodeless wavelengths and 0.0006 A for the hol- 
oles eet saan 10 low-cathode wavelengths. The measurements fror 
uitesacineaea scat the two sources are well within the expected w.- 
3737. 1317 1316 | certainty, 17 of the differences being less than or} 
S758. 2538 2327 equal to 0.0003 A and 18 of the differences being 
pike send He Pr greater than 0.0003 A. It should be noted, hov- 
3787 8802 8798 { ever, that below 3789 A the hollow-cathode wave- , 
lengths are generally less than the electrodeless wave- 
3790. 0920 O25 d lengths by about 0.0004 A, and above 3789 A tl 
it oe pa ; hollow-cathode wavelengths are greater on the aver 
3824. 4430 1439 r age by the same amount. There are not sufficient | 
3825. 8808 S808 0 data to determine the cause of this discrepancy, 6 
ea ees a whether any significance is to be attached to it. 
3834. 2220 2218 2 
3841. 0475 0480 5 
3856. 3712 3713 
3859. 9119 9122 } 
3872. 5008 5005 3 
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3927. 9192 9202 10 Charles Allen for his painstaking measurement , 
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Resistance of Flow in Teflon and Brass Tubes 


Marion R. Brockman 


of 
The coefficient 
120,000, 


The results of a study 
of slip flow are reported. 
Reynolds number 2,000 to 
In the first series, resistance 
series dealt entirely with turbulent flow. 

The resistance 


with those of smooth-drawn brass tubing. 


water flow through 
of resistance 
This investigation is composed of two series of tests. 
was measured in both laminar and turbulent flow. 


measurements determined for 
The coefficients were 


Teflon tubing to determine the existence 
was measured over the range of 
The second 


Teflon tubing were compared 
so similar that it can be 


extruded 


said that no slip flow exists for water flowing through Teflon tubing. 


1. Introduction 


The possibility of slip between a moving fluid and 
, solid boundary has been a subject of considerable 
speculation dating from very early times. The collee- 
tive evidence from mi iny investigators indicates that 

. fluid in contact with a surface does not move, 
cote a of the tangential or Rs 
souring action of turbulence, and that slip, if it is 
to exist, must be the rare exception. 

It was the possibility of just such an exception 
that prompted the present investigation of the 
resistance to flow of water in a Teflon tube. Teflon 
polytetrafluoroethylene) is a hydrophobic material. 
\ot only does a drop of water not spread on a clean 
leflon surface, but the water can be lifted free of 

e surface without breaking and without leaving : 
visible trace. This evidence that the cohesive 
force of the water is greater than the adhesive force 
between the water and the Teflon. It is only the 
egree to which this behavior manifests itself that 
vts Teflon apart from many nonwetting materials. 
n this respect Teflon has an exceptionally low sur- 
iace energy. 

There was reason therefore to suppose that slip 
etween Teflon and flowing water might exist and 
produce an observable effect. Kaye,’ who con- 
lucted an investigation similar to the present one, 
oncluded that the friction coefficient for turbulent 
low in a Teflon tube was in agreement with published 
alues for smooth tubes and pipes in general, as far 
as could be judged from the precision of his measure- 


viscous stress 


Is 





ments. It was felt, however, that Kaye’s results 
rere inconclusive because of the large scatter and 
ecause of the known fact that determinations of 
esistance coefficient by different investigators com- 
monly differ by as much as 4 percent. It was 
cided therefore to reexamine the question and 


todo so by means of an experiment in which a direct 
omparison could be made with smooth brass tubes 

ithe same experimental setup. The final outcome 
{the investigation was that there was no detectable 


liference to be found from this comparison. 
eee 
Kaye, Flow resist 
n, TM 46 (1953 
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2. Theoretical Considerations 


Assuming that slip does exist between flowing 
water and a nonwetting solid boundary, the most 
natural supposition to make is that slip arises from 


a tangential force proportional to the relative 
velocity. This is the hypothesis first advanced by 
Navier. If uw is the slip velocity and ro is the 


stress on the wall, a slip 


shearing per unit area 
coefficient may be defined by 
= BUo. (1) 
Because the stress must be due to shear in the fluid 
near the wall, 
du 


To== ’ (2) 


dy 


where uw is the coefficient of viscosity, and wu is the 
tangential velocity at distances y from the wall but 


near the wall. From eq (1) and (2) we may also 
write 
du ia 
) ? (.5) 
dy 
where /=yp/8. 
Equation (3) defines, after Lamb,? a charac- 


teristic length, /, depending on the viscosity and 
properties of the boundary material when in contact 
with water or another liquid. As a characteristic 
length, 2 must be considered among the variables 
of the flow system. 


Accordingly, in capillary flow a dimensionless 
quantity to consider, among others, is the ratio 
l/r, where r is the radius of the capillary bore. The 


importance of this has been discussed by Lamb. 
Let us consider the flows Q, and Q, through two 
capillaries of the same length, same radius, equal 
pressure differences, and with a common liquid 
traversing them. The only difference is that the 
material of one capillary is wetted and that of the 


H Hydrodynamics, 6th ed., p. 586 (Dover Publications, New York 


a 


Lamb, 
, 1932 








other is not. The discharge, @, through the cap- 
illary that is not wetted by the liquid is the greater 
in the ratio 
(22 
Wi 


=1+- tl (4) 

= 
With capillaries of small bores, the effect of slip 
should be noticeable. Lamb, referring to the ex- 
periments of Poiseuille, concluded that the possi- 
bility of slip is absent. However, the capillaries 
used by Poiseuille were wetted by the liquid con- 
sidered. 

Similar evaluations for turbulent flow are difficult 
to carry out, because the laws of velocity distribu- 
tion are essentially empirical. With common liquids 
and solids, the turbulent velocity distribution for 
small Reynolds number is described by the Blasius 


law, 
1/7 
a, ( ) , 


where y is distance from the wall, v is the kinematic 
viscosity, and uy is the shear velocity defined by 


u Uy 


Us v 


ly = VTo/p - (() 
This is the velocity outside the laminar sublayer of 
thickness 6,. If u, is the velocity when y=6,, then 
Uy Uydy 


Uy Vv 


and (7 


U4) 6/7 
ay ( ) 
v 


For a liquid not wetting the tube material, one 
may again suppose that 


Comparing eq (5 


The law of dependence on distance is still the same, 
but the coefficient a, is not the same as a,. Let 6, 


be the thickness of the laminar sublayer, uw, the 
velocity at y=6), and uo the slip velocity; then 
du . 
U;=Upt+,- bo. 10) 
dy 
Employing eq (1) and (2), and simplifying, 
uy U 
: = : / 6» \ 11) 
Uy H 
Thus, neglecting (1/7)(//6,) with respect to | 
u (/ t b> 6/7 
a: | . 2 | 12) 
- 
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Hence, the ratio of discharges through two Pipes 
with constant pressure difference with radij an 
liquids the same is nearly 


/4 
(—, 


Also, if we suppose that 4, 
then approximately 


(2 
(2) 


> 


ay 


and 6, are of like yaly, 


0), 
te 


: 


6/1 
l+=-— 
é 0; 


If slip is present, its effect will become more notice.! 
able : becomes smaller. This will occur wit] 
increasing mean velocity for a tube of given diamete; 


6 


is 


If the velocity is fixed, 6, decreases slowly with jp. . 
: 1 ID: } 


creasing diameter. 
If the value of 6, is introduced from eq (8), 


(1 


where ¢, This illustrates the manner jy 
which / enters into the picture as a_ characteris. 
tic length in a Reynolds number based on_ shea 
velocity. 


(22 


ul 
(1 ) 


yp 


rey 


(6/7)a; ‘”° 


3. Apparatus 


The test system used in this investigation 
illustrated in figure 1. For the smaller values ¢ 
Reynolds number, gravity flow from the constant- 
level tank was used. A pump, located at the dis 
charge end of the system was available for th 
higher velocities. Two swivel-joint diverters wer 
employed to direct the discharge to either th 
volumetric tank or to the waste line. One diverte 
was placed immediately in front of the pump, tl 
other mounted on the pump itself. Two valve 
one for fine adjustments, were located at the exit’ 
end for controlling the flow. 

A 4-in. pipe connected the system with th 
constant-level tank. In order to reduce turbulence, 
and energy losses, the turn from the vertical to th 
horizontal direction was made with a large-radiw 
bend. The entrance cone shown in figure 2 was 
located in the center of a flange on the 4-in. pipe 
8 ft downstream from the bend. This provided for 
uniform velocity distribution at the entrance of th 
experimental tubing, where the diameter was reduce( | 
from 4 in. to 1 in. 

The experimental tubing was composed of thre 
sections. First, a 10-ft length of 1-in. brass tubing 
then an 8-ft length of Teflon tubing, which was} 
followed by another 10-ft length of brass tubing 
All tubes were smooth in appearance and smooth t 
the touch, thus satisfying the usual criterion f@ 
hydrodynamic smoothness. Because the Teflon am 
brass tubes differed slightly in diameter, they wet 
joined by special couplings shown in_ figure | 
Diameter #2 was machined to correspond to t 
inside diameter of the Teflon tubing. Diameter () 
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was made the same as # and then tapered out to 
match the inside diameter of the brass tubing. In 
this Wa\ discontinuities were avoided and the transi- 
tion from one tube to the other was made gradually. 

Piezometer openings were 1.0 mm in diameter, 
three in each section of tubing. These were con- 
nected by 4-in. copper tubing to both the water and 
mercury manometers. Selector cocks permitted the 
se of the proper set of manometers for its appro- 
pate range of pressure. Both sets of manometer 
tubes were arranged in of i-m radius. <A 
athetometer of special design mounted 1 m away 
served to measure the column heights of either set 
ii manometers to the nearest 0.1 mm. 

The flow rate through the system was determined 
by means of a volumetric tank, which was calibrated 
vy weighing the water and using a vernier hook gage 
lr measuring depth. Time was measured with a 
stopwatch to the nearest 0.2 sec, and temperature 
was measured with a precision thermometer to the 


ures 


hearest 0.1 deg ei 


The mean inside diameters of the brass and Teflon 


tubes were obtained by measuring the amount of | 


istilled water required to fill them while in a vertical 
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position. Water was poured into the tube from 
volumetric flasks. The residual water remaining 
in the flasks was taken into account, by calibration 
in the case of the larger flasks, and by weighing before 
and after emptying in the case of the smaller flasks. 
The mass of water contained in the larger flasks was 
computed by using the formula 
M, Vi 1+ adé)p 20° 4.48) » 

where ./, is the mass of water, V is the volume of the 
flask at temperature 20° C, @ is the cubical coefficient 
of expansion of the flask, (20°+-A@) is the tempera- 
ture of water in the flasks, and  pyaoe+s0) the 
density of the water. The volume of water in the 
tube was computed on the basis of Vp=M/pr, where 
V, is the volume of the tube, .V/ is the total mass of 
water in the tube, and pz is the density of the water 
at the tube temperature. Several determinations 
of the diameter of each tube were made, yielding the 
values given in table 1. The mean of these as shown 
in the table was used in each case. 

Prior to starting tests, all air was evacuated from 
the piezometer lines. Then the flow was regulated 


1S 








TABLE 1 Diameters of brass and Teflon tube 
Bra I Br 2 fl 
2 St) 2 412 2 4454 
2 "yy 2 su" 2. 4455 
2. 5424 2. 5374 
Mean: 2. 400 2. 5394 2. 4488 
and allowed to become stable. The manometers 


were read and the rate of flow was measured at the 
volumetric tank. The procedure was repeated for 
a number of rates until the desired range was covered. 

During the testing, it became apparent that 
mineral deposits from the water were accumulating 
on the walls of both the Teflon and brass tubing. 
Therefore the system was periodically disassembled 
and the tubes were cleaned by drawing swabs of 
absorbent cotton through them until the deposits 
were removed. 


4. Experimental Results 
The results of resistance measurements are pre- 


sented in figures 4 to 15, inclusive, and summarized 
in tables 4, 5, and 6. All results are expressed in 


terms of the customary resistance coefficient X, 
defined by 
ta—z2z, U? 
AH=x — : ? 16) 
d 24 
where A// is the loss of head of water over the 
distance 2,—z,, d is the diameter of the tube, U is 


the mean velocity over the cross section determined 
from volume flow, and q is the acceleration of 
gravity. In all cases \ is a function of the Reynolds 
number, ?, expressed as R=Ud/v, where yv, the 
kinematic viscosity, is found from the temperature 
of the water. 

The various regimes of pipe flow in the entrance 
length and in the fully developed regions are repre- 
sented in the figures. Because it is of interest to 
know how the resistance coefficient in one type and 
section of tube compares to that in another, the \’s 
are identified by the respective sectionsas\, ... Ag. 
Each of these is a mean X for the length between 
two piezometer openings with positions specified by 


z, and x, in table 2. For example, \, applies to the 


farthest upstream length of the first brass tube 
between the piezometer openings at sz, and 4p. 
Following this system, \, and A; apply to the Teflon 


tube. 

The results of the first series of measurements are 
presented in figures 4 to 9, inclusive. The curves 
represented by the circle symbols indicate the results 
of gravity flow from the constant-level tank, whereas 
the curves shown by the squares were obtained by 
using the pump to reach the higher values of Reynolds 
number. The measurements here were conducted 
under conditions where the entrance disturbances 
were suppressed as much as possible by the well- 


rounded entrance cone. The result was a consider- 


TABI E 2 Low ation ot pre zome ler openings 
Lube Segment 
B I l 74. OM l 
1) 2 185. 71 2. 32 
lefl 1 (22.72 34. 
Do 4 U7 t 
Brass 2 66. 61 678 
Do s 678.3 " 
he d , 


able extent of laminar flow throughout most of thy 

entrance length. The laminar, transitional, and 

turbulent regimes are included on each curve, [Ip | 
the transition region the coefficient with 
Reynolds number as more and more of the flow in 
the particular tube segment is in the turbulent stat 
A plausible concept of the transition regime js q / 
succession of laminar and turbulent 
down the tube. The form of the coefficient cury; 
in the transition region will depend on the change jp 
the relative amounts of each with Reynolds number 
As seen by comparing the figures, this change tends | 
to be more gradual and to occur at higher Reynolds 

numbers in the upstream segments than in th 

downstream segments. There is no evidence that 

the material of the tube had anything to do with 

this condition. 

For the entrance region, curves have been drawn 
in accordance with Schiller’s theory for the clevelop- 
ment of Poiseuille-type flow... According to this 
theory the mean A between two sections sz, and z 
apart, where 7, and «2, are measured from the begin- 
ning of the tube (the point where the boundary 
layer begins), is given by 


rises 


states passing 


Xx ( £5 bs dita j li) } 
where &=/(2r/Pd), dis the diameter of the tube, ane 


R is the Reynolds number. Values of the functior 


f are given in table 3. 


; 


le nath Ne hille 


TABLI 3. fF inctions for lamina entrance 
€ 2r/Rd € 2r/ Rd 
0 180 (2740 
2 0. 0003875 2.24 3625 
14 OOTSA25 2 422 04107 
Hu (m4 2 61 462 
un OOSS25 9 so2 O51725 
2h O13s ; 00 0373 
1. 56 O1OSTS5 
Relationship (17) holds for #<0.0288Rd. For 
r>0.0288Rd the Poiseuille regime is established, and 
\— 64/R. l8 
Formulas (17) and (18) apply only when the flow 
is laminar. 
L. Schiller, Forschungsarbeit h. Ing. No. 248, p.2 
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Curves computed by these formulas are shown in 
jgures 4 to 9. In the first segment of brass tube 1 
and in the last two segments of brass tube 2 the 
observations are in reasonably good agreement with 
computed values. In the remaining segments the 
observed points are higher than the computed curves. 
js far as the main objective of the experiment is 
concerned, this lack of agreement with theory is not 
of primary significance. If there is any connection 
with the material of the tube, the discrepancy is the 
ereater in the Teflon. Any evidence of slip would 
appear in the opposite direction. 

In the fully developed turbulent region, a standard 
of comparison is the Blasius law, 


A=0.3164R-™4, (19) 
This curve is represented in figures 4 to 9 by the 
dashed line. The most apparent discrepancy is that 
appearing just after completion of transition, where 
the value of \ is noticeably greater than that com- 
puted by the Blasius law As regards a difference 
hetween A for Teflon and brass, none can be found. 
This may be seen by examining the data of table 4. 

Following the first of measurements, a 
second series was run for the purpose of obtaining : 
larger range of Reynolds number. Here the pump 
was used at all times at the exit end of the system to 
extend the upper limit, and trip wires were placed 
in the entrance cone to initiate the turbulent regime 
at lower Reynolds numbers. 


SerLies 


TABI I } Re sistance coe fi rents from various seqime nis 
series | 
Upstream brass Teflon Downstream Blasius 
brass law 
RP 
\ » 4 PN IN r 
0, 000 0. 0267 0.0272 | 0.0282 | 0.0272 | 0.0277 | 0.0275 0. 0266 
30, 000 0241 (279 0249 0241 0244 0244 0240 
40), 000 (224 0222 0228 0224 . 0223 0225 0224 
0. 000 0212 0210 0214 0212 0210 0213 (212 
60, 000 0203 0202 0203 0203 0200 0205 0205 
70, 000 O196 O106 O19 0196 O1u3 0197 O95 
80. 000 oO1lve Oly OLSS O19] OST O1yvl ODSS 
4), 000 OSS ODS6 OLS3 OLS6 O1S2 OLS6 O183 
100, 000 O1S2 OS! 0178 O1S3 O177 OLS2 0178 
120, 000 o174 0176 O171 OL76 O172 O75 O70 
1). OOM let O168 0163 0167 O15 O166 .O16l 
The results for the second series are shown in 
figures 10 to 15, inclusive, and in tables 5 and 6. 


Here again no difference is to be found between the 
coefficients of Teflon and This 
may be seen in table 5 by comparing values of \, and 
in table 6 by comparing values of the coefficient A, 
pertaining to the formula 


resistance brass. 


A\- AR, (20) 
The closely linear character of the curves in figures 
(0 to 15 indicates that formula (20) is a close approxi- 
mation over the range of Rey nolds number 4.000 to 
120,000, the latter being the upper limit of the 
experiment. 





! fa bl - . - 
PaBLe 5 Resistance coefficients Jrom various segments 
| (series 2) 

r j 
| Upstream brass Teflon Downstream brass 
R 
| 

| d Ae Ay As Xr As 

4, 000 0. 0406 0. 0420 0. 0403 0. 0412 0. 0421 0.0414 
6, 000 0365 0374 0369 0369 0373 . 0373 
&. 000 0338 0345 0345 . OB41 . 0344 . 0347 
10, 000 0319 . 0322 0327 . 0321 . 0323 . 0326 
20, 000 0267 0272 0275 . 0268 . 0268 . 0268 
30, 000 0241 0246 0246 . 0240 . 0241 . 0242 
40, 000 . 0225 (228 . 0228 . 0225 . 0224 . 0225 
50), 000 0212 0216 . 0216 0213 0212 . 0214 
60, 000 0204 . 0206 0206 . 0204 . 0203 . 0205 
| 70, 000 0197 0198 0199 . 0198 . 0196 . 0197 
80, 000 0192 0192 . 0192 . 0192 0189 0191 
90, 000 OLS6 OLS6 . ORT . O87 , O14 . OL86 
100, 000 0182 0182 _ O183 . 0183 . 0180 . O182 
120, 000 0176 0175 0175 .0177 .0173 0174 
TaBLe 6. Values of A for \= AR-™“ 
| 
R ARV RM ARV ARM Riv Ask 
+ 000 0. 3229 0. 3333 0. 3198 0, 3269 0. 334i 0. 3285 
6, 000 . 3212 3292 3248 . 3248 . 3283 3283 
&, 000 3196 . 3263 3263 . 3225 . 3253 3282 
10, 000 3190 3220 3270 3210 . 3230 3260 
| 20, OOO 3174 3234 5269 . 3186 . 3186 3186 
| 
30, 000 3171 3237 3237 . 3158 . 3171 3184 
40, 000 3182 . $224 3224 . 3182 . 3167 $182 
50, 000 3170 . $229 $229 . 3185 . 3170 3200 
60, 000 3192 3223 3223 . 3192 3177 3208 
70, 000 3204 3220 3236 3220 . 3188 . 3204 
80, 000 3228 . 3228 . 3228 . 3178 3212 
90, 000 $221 $221 . 3238 . 3187 22 
| 100, 000 . 3236 3236 . 3254 $200 
120, 000 3275 3257 . 3294 . 3219 
Mean 0. 3206 0. 3244 0. 3241 0. 3221 0. 3211 0. 3227 


With regard to the question of the effect of the 
material of the tube, the mean values of A in this 
range are A (brass) =0.3222 and A (Teflon) =0.3230. 
Obviously no effect of slip is discernible. 


5. Discussion of Results 


| The discrepancies between theory and experiment 
found in the entrance length and the small deviations 
from the Blasius law show the importance of a direct 
comparison between Teflon and a wetting material 
in reaching a valid decision concerning the presence 
or absence of a slip effect. This is particularly true 
where the objective is to detect even small effects if 
they should exist. 

As previously noted, there were no differences 
beyond the experimental scatter between the be- 
havior of Teflon and brass in the fully developed 
turbulent regions. In the entrance length, different 
segments of tubing showed varying amounts of 
disagreement with theory. Perhaps the disagree- 
ment is slightly more for the Teflon than for the 
brass. If the difference had been in such a direction 
as to suggest a lower value of \ for Teflon than for 
brass, there may have been a hint of a slip effect in 
| the laminar regime. However, the difference sug- 
| gests a higher value of \, in direct opposition to a 
| slip effect. 
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The mean values of the coefficient A in formula 
(20) for Teflon and brass differ by only 0.25 percent, 
with that for Teflon being the higher. Because the 
separate mean values in table 6 differ by more than 
this, ho significance can be attached to the slightly 
higher values of A for Teflon. The mean of all 
values of A in table 6 is 0.322 This is about 2 
percent higher than the generally accepted value of 
0.3164. Differences of this order are to be expected 
in experiments of this type. 

The larger discrepancies occurring in the laminar 
regime and in the turbulent regime just after the 
completion of transition, while not significant in the 
main objective, are nevertheless of interest. If a 
transition region consists of a succession of laminar 
and turbulent states following one another in time, 
there would be no reason to suppose that the turbu- 
lent coefficient would be abnormally high at the 
Reynolds number where all laminar states had just 
disappeared. It is believed therefore that this effect 
is probably associated with the high value of \ in the 
laminar regime, and that this in turn is the result of 
some entrance condition. Perhaps there was some 
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swirl remaining in the flow from the bend 8 ff up- 
stream from the entrance cone. Unfortunately po 
velocity surveys were made to determine the actyg 
condition of the entering flow. 

The absence of a measurable slip effect implies 
that the characteristic length / is zero for Teflon gs 
it is for a wetted material. This evidently means 
that adhesion, even though weak compared to th 
cohesion of water, amounts to a contact so complet 
as to preclude relative movement. Apparently th 
nature of the contact such that water can he 
pulled free by a normal force, but its grip cannot } 
broken by a tangential force applied by 
shear. It does not necessarily follow that this would 
be true for all flow conditions and all hvdrophobj 
materials or surface conditions. 
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